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© are addressed in separate grant' guxdance and apphcatxon " documents.
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: ﬂ!,-'dREWORD .

‘l'hese guxdehnes are provxded as techmcal assistance to State and local governments )

. m | their efforts to protect ground-water resources supplymg pubhc wells used for drinking

water. The document is one in a contmumg senes of pubhcanons on the hydrogeologxc‘
aspects of ground-water protectxon, prepared in’ response to the 1986 Amendments to the

‘Safe Drinking Water Act. Policies regarding apphcatxons by. States for financial support |
Addxtxonal_; |
mformanon on the Wellhead Protectxon Prograim is ‘available from the Ofﬂce of Ground-“
Water Protection in Washmgton, D.C., and from the ten- EPA Regxons.
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o ‘Exscunwesuuunkyp-’

: % . . ] : | N ) _ o |
« The Amendments to the Safe Drmkmg Water Act (SDWA), whxch were passed in -

June 1986 established the’ flrst natxonwxde program to protect ground-water resources;

used for public water supphes from a wide range of potentxal threats. Unlike prev:ous

Federal programs, . -which have tended to focus on individual contammant sources, ‘this new -

'eﬁort approaches the assessment and management of ground-water- quahty from a more .
; comprehenswe perspective. ‘l'he SDWA seeks to accomplish this goal by the establishment "
- of State Wellhead Protection (WHP) Programs which "protect wellhead areas within thexr‘_" ’

)urxsdlctlon from contammants whxch may have any adverse effect on the health oi

l persons."

One of the ma)or elements of WHP.is the determlnatxon of zones thhm whxch '

contammant source assessment and management will be addressed. These zones, denoted A

as Wellhead Protectlon Areas (WHPA's), are defined in the SD\VA as "the surface and '

~ subsurface area surroundmg a water well or wellﬁeld, supplymg a pubhc water system,
' through which contarmnants are reasonably hkely to. move toward and reach such water

well or wellileld." Hence, the law estabhshes the concept of protectxng some of thel

 recharge areas to these points of pubhc drmkmg water withdrawal. The States are given

flexibility in determmxng approprlate operational approaches to WHPA delmeatlon. ‘The ‘
Environmental Protection Agency (EPA), in addition, is required by the SDWA to release

technical guldance on the hydrogeologlc aspects of ‘this task. These Gmdehnes for’
Delmeatnon of Wellhead Protection Areas are provided to meet this need. Apart from this ‘
,requxrement, 1ssuance of tlus guldance does not aﬁect or inhibit- EPA regulatory .
programs.’ ' ' ‘

- WHPA delmeatlon pohcy is generally based upon the analnys of cnterna, crxterlaﬂr

‘thresholds, and delineation' methods. ‘l'he crxterxa and crltena thresholds ‘define the‘

general techmcal basis of the "WHPA. ‘l'he WHPA dehneatlon methods are used to ‘
translate or apply these cnterla, to develop on-the-ground or on-the-map WHPA o

boundarles. In preparatlon for criteria and method selection, most States will assess. the: 7
avaxlabxllty of hydrogeolognc data and the mstxtutlonal capablhty of the State to perform
such techmcal assessments. o

ES-1




HYDROGEOLOGIC AND CONT AMINANT CON‘I'ROLS OVER A DELINEA‘I'ION )

‘I‘heg;e delmeatxon guxdehnes provxde a dxscussxon of the . concepts. of ground- '
water flow and contaminant transport, as they apply to the task of WHPA delineation.
Differences among the ma)or aquxfer types are emphasized.

Approximately half the U.S. populatxon is dependent on ground-water sources--wells
and springs--for' its domestic water. Though springs are _occasionally used for water
supplies, exploitation of ground water normally requires the drilling and installation of
wells or well fields. Under natural conditions, ground water is in ethbnum and flows
from areas of hxgher head to areas of lower head. Ground-water pumping or discharge
alters the natural equilibrium and causes the lowermg of water levels around the pumping
well. This effect, called drawdown, affects an area referred to as the zone of influence
(ZOD) of the well. This expressxon is generally synonymous with the commonly -
encountered term "cone of depress:on." Part of the ZOI is contamed thhm the zone of
contribution (ZOC), whxch includes all areas that recharge or contribute water to the well
or well field. The guxdance notes that both ‘technical and nontechnical specialists .
commonly (though mcorrectly) assume that the ZOI is always completely contained wnthm
the ZOC. Understandmg the dxfferences between these concepts is essential to fostermg
more precise WHPA dehneatxon. '

The concept of a WHPA can be apphed to a varxety of aqunfer types under both
confined and unconfmed conditions. Unconfmed aquifers, also known as "water-table
aquifers," are in direct hydrogeologxc connectxon with the ~surface, and hence are
generally more vulnerable to contamxnants originating at or near the surface than
confined aquifers. Confined aquifers, sometimes known as .artesxan aquxfers," occur
beneath Jess permeable materials. and are under pressure conditions greater than
atmosphenc. Despxte this generally less vulnerable basic ‘condition, confined aquifers are
susceptible to contamination from a variety of factors-—-the relative difference in head
between the aquifer and other aquifers, natural or human-induced breaks in confinement .
such as fault zones or abandoned and corroded well casings, and the physical conditions of
the confming unit jtself. The guidance provides technical information to help States
evaluate the extent of specific WHPA's needed for wells under confined conditions. More
tailored WHPA techniques for conduit karst, fractured bedrock, and other "exceptions" to
the basic aquifer types are also noted.
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The delineation guxdehnes assume that WHPA delineation -and protectnon wxu be

o targetted ‘to three general threats. The first is the direct introduction.of contaminants to

the area 1mmedxately contiguous to ‘the well through- improper casmg, road runoff, spills, ‘

: and accidents. A second basic threat is irom microbial contaminants such as bacteria and
‘vxruses. The’ third major threat is the broad.range of chemxcal contaminants, mcludmg .

morgamc and naturally occurrmg or synthetxcally-derxved organic chemicals. ‘l'he"
transport ‘characteristics of these classes of contammants are revxewed briefly in the
guxdance document. ' '

B

‘I'here are several operatxonal goals the States may use to meet the dehneatxon

' elements of the statutory goals for WHP. Three of these are: provxde a remedial actnon
" zone to protect wells from unexpected contaminant. release, ‘provide an attenuatxon Zone
~ to bring the concentranons of specific contaminants to desired levels by the time theyﬁ

reach’ the wellhead- and provide a well-field management zone in all or part of a well or

—-well fneld's exrstxng or potential recharge area. Some conceptual standard is ‘needed,

however, to meet these goals.

‘l'he conceptual standards on’ whnch WHPA delmeatxon may be based are referred to
in this document as crnterna. They. may mclude dxstance, drawdown, travel time, flow.
system boundarxes, and the capacity of the aquifer to assimilate contammants. Choice of
the criteria to be apphed will hkely be based on both techmcal and nontechmcal-

’consxderatxons.

The techmcal merits of a criterion depend on the degree to whnch it mcorporates

‘ phy51cal processes affecting ground-water flow and contaminant transport. v Nontechmcal
_considerations include a State's mstxtutnonal capablhtxes for xmplementxng a program,

together with economic and demographnc realmes in the- State. After selectxon of‘\

criteria for WHPA delmeatxon, appropriate thresholds must be chosen. These. are values

that represent the limits above or below which a cr:terxon wxll cease to prov;de the
desired degree of protectxon. v ‘ T

A dlstance crxtenon defmes the WHPA by a radnus or dnmensxon measured from a

'pumpmg well to encompass the area of concern. A drawdown criterion defines the WHPA"
._as the area around the pumping well in which the water table (m an unconfmed aquifer) or

the potentiometric surface (in a confmed aquifer) is lowered by the pumping; this involves
mappmg all or part of the zone of mﬂuence. The txme of travel (TOT) criteria bases the
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WHPA boundary on the time required fo:r céntaminants ‘to reach the water supply. . A flow
boundgr%ies criterion incorporates the known locations of ground-water divides and other
phjsicaf‘zir hydrologic features that control ground-water movement. The assimilative
“capacity criterion is based on the subsurface formati'on's; capacity “to dilute or otherwise )
" attenuate contaminant concentrations to acceptable levels before they reach public
drinking-water wells, ‘ | ' ‘

Each of the criteria has advantages and disadvantages in meeting these goals,
depending largely on the hydrogeologic settings within a State, as well as the
administrative and technical resources .available.  Selecting appropriate criteria
thresholds will be another key decision point, although it will be c‘lqn‘e‘ in conjunction with
establishing the management elements of the WHP.

WHPA DELINEATION METHODS | |

Following selection of WHPA delineation criteria, it is necessary to choose the
specific methods for mapping the sélgéteq criteria. Six methods have been identified as
having been used m WHPA delineations, These are, in increasing order of cost and
sophistication: arbifrary and calculated fixed radii, simplified variable shapes, analytical -
methods, hydrogeologic mapping, and numerical flow/transport models. They range from

simple techniques to highly complex and éomprehensiv‘e ones, |
The arbitrary fixed radius method involves circumscribing a zone around the water
supply that is based on a distance criterion threshold. Though simple and inexpensive, thxs
method may tend to over-protect or under-protect. A significant improvement over no
“ delineation, the method is often used for microbial protection, or in the early phases of a
WHP Program for chemical contaminants. ‘ ‘ ; - . E

The calculated; fixed radius method applies an analytical equation to calculate the
radius of a circular WHPA based on a time-of-travel criterion. Though still relatively
simple and inexpensive to apply, this method provides more accuracy, depending on site

conditions. R o ' ‘ !

Simplified variable shapes are standard outlines of 'VVHPA'S, generated using

analytical models, and generally based on a combination of flow boundary and time-of- 3 ,

travel criteria. The appropriate shapes are then chosen to match or approximate.
conditions encountered at specific wellheads, well fields, and springs. - This is another
inexpensive yet somewhat more accurate technique. o ‘ \
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Analytxcal methods may be used to defme ground-water ﬂow boundanes and
contammant’*atransport dynamncs through the apphcatxon of empmcally derxved equations. -

B This is perhaps the most commonly used method where greater precxslon 1s needed.

Hydrogeologxc mappmg can be used to map tlow boundarles and to lmplement other
, vcnterla through use of geological, geomorphic, geophyslcal, and dye tracmg methods. The
. method i is partzcularly appropnate in some types of aquxfers. g ‘

Numerxcal models use mathematlcal approxlmatlons of ground-water flow and/or
contammant transport equatlons that can take into account a variety of hydrogeologic and
contamination’ conditions. These models oﬁer possxbly the most accurate delmeatlons,
'~ “though at consnderable cost. '

Comparlsons of the results of specxﬂc methods in "case study" appllcatlons can be:

used to evaluate and then choose WHPA delineation techniques. In such comparative

fanalyses, the output from more expensive, complex: methods is generally compared thh :

the results irom less expensive, simpler techniques to determine the cost and benefit
tradeoffs in glven hydrogeologic settings. ‘These case analyses: will also be useful for

evaluatmg, on a generic basis, the spatial extent of dxﬁerent WHPA's based on different -

criteria and criteria thresholds. Such information could be very useful in the early phases

of a State WHP Program, to begin the assessment of potentlal contammatlon threats to *

public water supphes.

ES-5
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GﬁUIDELINES FOR WELLHEAD PROTECTION AREA DELINEATION

: c;HA’P'rERl - B
INTR oouc‘non .

’ Nearly half the populatlon in the United States uses ‘wells or sprmgs ‘to obtam |

'drlnkmg water (U.S. Geological Survey, 1984). - Improper management of contammatnon' g

sources resulting from human activities often causes degradation of these supplles. One
solution to this problem is to prevent contammated ground water from reachmg wells and
springs by establishing areas of protectlon around them. ‘

. A new _provision in the 1986 Amendments to the Safe Drinking Water Act (SDWA) is
the Wellhead Protection (WHP) Program. This program is desxgned to assist States in

. protectmg areas surrounding wells within their. jurisdiction against contaminants that may.
. have ‘adverse effects on- human health (SDWA, Section 1428(a)). '~ The Amendments
v mandated that, among other provxsmns, ‘the U.S. Envxronmental Protection Agency (EPA)

" Administrator issue technical guxdance that States may use in determining the extent of
such areas of protectlon (Sectlon 1428(e)) “This document has been prepared to furnish
such guldance. ‘ Another document, Gmdance for Apphcants for State WHP Program |
' Assistance Funds, is- also avallable to aid States and Terrxtorles in applyxng for program‘

: support.

1.1 LEGISLATIVE AUTHORITY

L
!

*The 1986 Amendments to the SDWA authorlzed two new provxsxons for ground-water i

: protectlon. These were the WHP Program and the Sole Source Aquifer (SSA)
‘Demonstration Program. Both are designed %o support the development of State and local
efforts to protect ground-water resources.. The statutory language creating these
~ ptograms-is in Section 1427 (SSA Demonstratlon Program) and Section 1428 (State -

- Programs to Estabhsh Wellhead Protection’ Areas) The intent of Sectlon 1428 lS to
‘ ‘estabhsh a State program that adequately protects the wellhead areas of all publlc water

systems from contammants that may have adverse human health eﬁects.

The SDWA mcorporates the fundamental deﬁnmon of a Wl-lPA in Subsectlon‘. -
1#28(e) ‘

1-1
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(e) DEFINITION OF WELLHEAD PROTECTION AREA--As used in this
«section, the term 'wellhead protection area' means the surface and subsurface

area surrounding a water well or wellfield, supplying a public water system, - .

through which contaminants are reasonably likely to move toward and reach

such water well or wellfield. The extent of a wellhead protection area,

within a State, necessary to provide protection from contaminants which may : .
have any adverse effect on the health of persons is to be determined by the
State in the program submitted under subsection (a). Not later than 1 year
after the enactment of the Safe Drinking Water Act Amendments of 1986,
the Administrator shall issue technical guidance which States may use  in
making such determinations. Such guidance may reflect such factors as the
radius of influence around a well or wellfield, the depth of drawdown of the
water table by such well or wellfiéld at any given point, the time or rate of
travel of various contaminants in various hydrologic conditions, distance from
the well or wellfield, or other factors affecting the likelihood of
contaminants reaching the well or wellfield, taking into account available
engineering pump tests or comparable data, field reconnaissance, topographic
Information, and the geology of the formation in which the well or wellfield
is located, . y o

The statute furthermore defines a WHP Prqgram as one that incorporates the
following elements: ‘

] Duties of State and local agericies and public water supply systems in
implementing the program '

®  Determination of WHPA's for each public well or well field “ L

e Identification of all p.ofénﬁal anthropogemcsources | within the protectio‘n area o

® A program that contains, as appropriate: technical assistance, financial |
assistance, implementation of control measures, education, training, and
demonstration projects to protect wellhead areas from contaminants

‘® Contingency plans for alternative water supplies‘in cases of contar‘ninatic’m‘

® Siting considerations ”for all new w;-lls o | e o

e  Public participation. | | S l
This program must bé submitted to the Administra.tpr of EPA within 3 years after ‘

enactment. States are expected to make every ;ewasqf‘:“aklwe‘_ effort to implement this

program within 2 years after it hasbeen submitted to the Administrator. The only impact. -~ .
on a State for failing to participate in the WHP Program, however, is the loss of grant |
. funds. EPA is not authorized to establish a WHP Program in a State that does not choose i
to participate. |
|
|
1.2
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1.2 PURPOSEAND SCOPE OF DOCUMENT

lnstltutmg WHP in the United States wxll present two major challenges. Flrst w1ll.' .
Q
be to resolve successfully the techmcal problems of delineating meamngful protectlon

. areas to prevent ground-water contamination. The second will be to resolve the vast'
“complex of management problems ‘that will accompany attempts to xmplement the
WHPA's. ~ States .will face major mstltutxonal “hurdles, for example, in controllmg. -
.mdustnal, commercxal, and agricultural activity and land usage within the delmeated,
"WHPA's. ‘l'he scope ‘of this document is to provxde general guidance in solving the initial

problems of actually delineating the protectxon areas. The document does not prescrlbe
specific: mechanisms or approaches that must be strictly followed. Instead, the document _

- describes a variety of techmcal approaches, from the simple to. the sophisticated, that.

may be ‘used smgly or in combinations. . The issuance of this gu1dance, in and of 1tseli,'f .

' iurthermore does not affect or llnhlblt Agency regulatory programs.

Ground-water protectlon is primarily a State responsxblhty. Accordmgly, EPA
intends to ensure that States and localities have flexibility in developmg thelr programs, '
while ensuring that the goals and ob)ectxves of the law are met. EPA expects that there
will be several stages ina State program for WHPA delmeatlon, shown i m general terms in '
Figure 1-1. Inmally, the States ‘will probably estabhsh techmcal commlttees or work

.groups to review relevant technical materials (mcludmg this delineation gu1delmes
:document) and condxtxons within the State. After analysis by program personnel, often
‘mcludmg "test case" apphcatxons, "eriteria” and "methods“ will be adopted, and the actual

delineation and mapping of the areas wxll commence. | ‘

Determmatxon of State WHPA criteria and appropriate WHPA methods (Stages 3 and'
4 in Flgure 1-1) are the two major topics covered. in this gundance document. Crltena

~ refer to the primary delineation factors mentioned in the statute (Subsection 1428(e))

(e.g., "radlus of mfluence, depth of drawdown, time or rate of travel"). The term criteria
is used here because these factors can be used as conceptual standards on which to base
WHPA delmeatlons. The methods are the techniques that can be used to map the WHPA's.
These methods range from- sxmple "cookle-cutter" approaches to complex computer
models.

Only a few States have been active in wellhead protection. However, numerous
European nations have been lnvolved in such programs (Van Waegemngh, 1985).
Informatxon based on their experlences has been mcorporated mto thlS document.




h Fi‘gv;slre 1-1 ‘
% - General Approach to State WHPA Delineation

STAGE

WORKING GROUPS
1 OR COMMITTEES - :
ESTABLISHED _ | _ | .

1

TECHNICAL STUDIES
AND
INSTITUTIONAL
ANALYSIS

l

DETERMINE - :
3 STATE WHPA ' l I
CRITERIA -

!

DETERMINE
4 APPROPRIATE
WHPA METHODS

DELINEATE BOUNDARIES

5 OF PROTECTION AREA -
FOR SPECIFIC.

WELLSIWELLF FIELDS

| o

CONDUCT
6 ADDITIONAL.
STUDIES

REFINE . |
. DELINEATION ‘ i

OF BOUNDARIES
AS APPROPRIATE

9




) EPA. expects that dehneat:on of WHPA's wxll be 1mplemented SO as to protect wells
‘ from three general categones of threats--the direct mtroductxon of contammants through_- .

and around ‘the well casmg, mxcroblal contammants, and chemical cOntarmnants. The

' uxmmedxate vncxmty of the well or well field. is a primary area to be protected from

accidental spills, road runoff, and sxmxlar incidents. The management of this area may ,
include standards for well casing, groutmg, housmg, ‘surface grading, buffer zones, and
well abandonment procedures. chrobxal contamxnatlon, especially from bacterxa and
viruses,. is of significant concern, sxnce mlcro-organxsms may persnst m drmkmg water

- even after treatment and dehvery to consumers. ,

An important element of the amended SDWA, however, is to provxde protectnon

from the broader range of threats to ground-water -quality: posed by a vanety of chemical

contaminants. thle a few hundred feet of buffer zoning is usually adequate to address
microbial threats, many toxic chernxcals perslst for long txme perxods and may travel

- great distances in the subsurface envu'omnent. This constntutes the major techmcal and
: admmxstratxve challenge of the WHP programs. Addressmg these threats, partxcularly the

" . third one, should greatly reduce the mcxdence of well conitamination in the Umted States.

we

1.3 EPA'S IMPLEMENTATION APPROACH

The SDWA provxsxons represent a sxgmfxcant change in the roles and"

) mterrelatlonshxps of Federal, State, and local governments in ground-water protection. . .

For -the first time there is statutory basis at the Federal level for protectmg ground-water

' resources, rather than efforts aimed at controlling specific contammants or

contamination sources. The programs will foster new approaches to resource assessment
and protection, and support the State's overall ground-water protect;on actwmes. _EPA's
goals in 1mplement1ng the WHP Program are to: '

o Meet the:goals of the statute | A‘ -

o Recogmze -the dwersxty of hydrogeologxc settmgs and ‘sources of

contammatlon
° Maximize State creativity. and ‘ﬂexibility‘ Cin program ° design and
irnplementation' ‘ | o ' '
° Be sensitive to concerns regardmg Federal mvolvement in the related areas of

o rland use and water allocatxon




_delineation issues. Supportmg appendxces contam background t

\
\
y, Assist States in. aciueving comprehenswe ground water protectnon through"
“ ‘coordination with State ground-water protection plans and strategies, thus

ensuring safe public water supplies.

The Agency's approach dunng development of these and related guxdances has been - -
to encourage the active participation of those who will implement WHP Programs, and of

those who will be affected. This has been accomphshed by 1he formation of techmcal

committees, comprising -State representatxves, academxc speciahsts, and EPA

Headquarters and regional staff.

A technical committee on the hydrogeologxc aspects of WHP met four tlmes from

September 1986 through April 1987. It reviewed proposed criteria and methods for WHPA -
delineation and made numerous recommendations that were used in subsequent revxsions B

of the draft guidelines: In addition, a 2-day workshop, attended by more than 50 leadxng

technical and policy specialists and State and local offlcxals, was held in January 1987 in 7
Bethesda, Maryland. Detailed presentations of the proposed criteria and methods were T
followed by group discussions of specific topics in whxch the pa1rt1c1patxon of all attendees . o |
was encouraged. Most of the recommendations and issues raxsed by the dxscussxon groups

were incorporated in subsequent drafts of thxs guxdance document. |

"EPA established two other techmcal commnttees on WH”‘”‘"-one on the grants and'” o

financial aspects of the program and the second on. the manage-ment and control aspects. ‘

As a result of their efforts, a series of documents will be avaxlable to help the States in " “ N
developing and xmplementlng WHP, as well as in applyxng for “mancxal assnstance from”

EPA. Technical specialists involved thh ‘the hydrogeolognc as cts of WHP dehneatxon

must consult the relevant technical section of the "grant guxdance" package for mszghts
nder che SDWA. These S ‘ |

into EPA's approach for determmmg program "adequacy
requirements are outlined in Sectnons v and V of the Guidanc
WHP Program Asxsbance Funds, a document avaxlable :trom‘ e Of
Protection in EPA Headquarters and the Regnons. o

1.4 ORGANIZATION OF DOCUMENT

Appheants for State

The main body of this guxdance document prowdes a W'se“ revxew of WHPA

"
examine relevant case studies. .

xce of Ground-Water 1” S ‘w’

| ‘ o b
‘hmcal xnformatlon and .




Chapter 2 of .this guxdance provxdes basxc xnformatnon on hydrogeologxc and
‘ ‘contammantcontrols aver ground-water ﬂow and contaminant transport, as these relate
. to¥' WHPA delineation. Chapter 3 ‘presents criteria that can be. used- fo estabhsh.

conceptually the extent of a. WHPA, it also provndes gundance in the process of selectmg
a criterion. Chapter 4 identifies ‘the methods avanlable for. delmeatmg WHPA's and

‘dxscusses advantages and dxsadvantages of each method. Chapter 5 provides a. general

approach to the WHPA delmeatxon process and examples of cnterxa and method
selectxons. ‘ ' ‘ ‘

Appendxx ‘A provxdes background mformatnon on several WHP efforts in the United

.. States and Europe. Appendxx B depicts several case studies \vhere the specmc criteria. |
" and methods are applied, and the resulting WHPA delmeatlons shown. A glossary defines.
both common hydrogeolognc terms and deﬁmtnons specxﬁc to the sub]ect of WHPA :
o dehneat1on.

17
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| CHAPTER z | _
HYDROGEOLOGIC AND CONTAMINANT comox.s OVER WHPA DELINE.ATION

‘&

)

‘l'hxs chapter provxdes general informatnon on bas;c hydrogeologxc prmcnples‘

- governing ground-water flow under natural and pumpxng condmons, as well as mformatlon '

on contammant tra.nsport and its relevance to the dehneatxon of wellhead protection areas '
(WHPA's). For the sake of sxmplncxty, the early dlscusswn m this chapter focuses on ﬂow :

” through porous media under unconfmed condmons.

For more elaborate dxscussxon of ground-water flow and contammant transport,

. readers may refer to textbooks by Bear (1979), Bouwer (1978), DeWiest (1965), Driscoll

-(1986), Fetter (1980), Freeze .and Cherry (1979), and Todd (1980). Other references by

Frxed (1975), Matthess, et al. (1981), and Yates, et al. (1984) focus on contaminant
transport. - '

2.1 BASICS OF GROUND-WATER FLOW SYSTEMS

‘2.1.1 Natural Flow System

"Under natural conditions, an aquxfer is' in a state of dynamlc equxlibrxum. , That is,

7 'the total recharge to the aquifer is equal to ‘the total dxscharge, with no change over; time

in the volume of water stored in the aquer (Fetter, 1980) The motion of ground water
through an aquifer is controlied by differences in energy levels. Ground water moves :
from areas of higher energy to areas of lower energy in order to reach or maintain a state °.

~ of equilibrium. | e L

In 1738, Bernoulli developed a fundarnental equatxon that expresses the underlymg v

a concept governmg ‘ground-water flow, He proved that the “total head" (h) of a unit
volume of fluid at a location is equivalent to the sum of the "pressure head" and the

"elevatxon head."” This concept introduced the idea that if the total heads at two points: in
an aquifer differ, ground-water flow will occur from the hxgh-head point to the low-head
pomt. For example, as illustrated in Fxgure 2-1 for a stream valley system, ground-water

- flow would occur from the. ground-\vater divide (high head) to the stream (low head). The

s

"'equxpotentxal lines" shown in the figure represent lines along whxch the total head is - ‘

constant. The "flow lines" represent the paths that ground water would follow under a

~ state of equxhbnum. The velocxty at which ground water would move through a porous '

media aquxfer can be determmed by the iollowmg relatxonshlp




y - - Figure 2-1
Ground-water .Flow System (Stream
Valley) Under Natural Conditions
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.V .= "\:T
S e
where .
v = average mterstxtlal velocxty
k= hydrauhc conductxvnty ,
. n = porosity

i = ‘hydraulic gradient- = Ah/Al

"Ah = change in head between two points on concern in the aquifer

\

Al = distance between these points.

2.1.2. Pumping of Ground Water

N I

‘ The use of ground water as a source of drmkxng water normally requxres the
installatxon and operatxon of a well or well field. =Ground-water pumpage alters the
- natural state of equilibrium in an aquxfer. The withdrawal of water by a well causes a
lowermg (drawdown) of water levels in an area around the well. From a spatxal
perspectxve, this is referred to as the "area of mﬂuence" of a well, or its “zone of °

influence" (ZOI). In cross-section, this is commonly referred to as the “"cone of -

. depressnon.“ Within the ZOl, ﬂow velocmes increase toward the well, due to increased
hydrauhc gradlents.

~

7 Fxgure 2-2 ulustrates the eﬁects of a pumpmg well on the ground-water ﬂow'
system of the same hypothetlcal stream valley introduced earlier.. The ZOI of the well is
shown in Flgure 2-2a.. Figure 2-2b shows that the eqmpotentxal and flow lines for the -
"natural” (nonpumpmg) conditions have been distorted, and are directed toward the well.
This distortion causes an area of ground-water recharge to the well. The pumping does
not aﬁect the flow lmes ‘outside of that area. It should also be noted that the pumping of
“the well causes some of the ground water that prevxously flowed directly to the stream to _
reverse its path and flow back toward the well. . ‘l'he entlre area rechargmg or
contributing water to the well or well ﬁeld is’ defmed in this document as the zone of
contribution (ZOC). Other authors use sxmxlar termmology (e.g., Morrxssey, '1987), ‘or
~ refer to this as the "capture zone" (Keely and Tsang, 1983). The areal extent of the zoc -
' can increase with time as the well contmues to pump. ' These transient zones are referred ‘
_to as "time-related capture zones." ' '
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The two zones described above (ZOC, ZOI) are referred to extensively throughout |

this document because of their significance to WHPA development; ‘The ZOC is of

| greater importance because contaminants, mtroduced within this zone could reach a well.’
The contammants would travel very rapxdly toward the well once they enter the portlon of.

' a ZOC where ground-water levels are sxgmﬂcantly lowered by pumping. -

The historic confusxon over these two concepts, and perhaps the overemphasxs in

.some ground-water protectxon eﬁorts on the ZOl or cone of depressmn, 1s ,stated
- succinctly by Morrxssey (1987): ' ’

The fallacnous 1dea that contrlbutmg area and area of mﬂuence

" are’ identical persists....(This confusion may have contributed to the -
use of circular areas around wells as buffer zones for ground-water-

" quality protection.) Actually these areas can be the same only in the .
hypothetical circumstances where the pre-pumping water table is -
perfectly flat and all aquifer propertnes are uniform within the area of-

_influence. When the pre-pumping water table has a gradient, as it
does under most natural conditions, the contributing area to a well will

" be distorted to extend to a greater distance on the upgradlent side and
toa lesser dxstance on the downgradlent side. -

and .
Recharge that enters the aquifer through the area of influence

of a well will not necessarily travel to the well, and recharge that

enters the aquifer out51de the area of influence may travel to the well.

- Generally, the most sxgmflcant process controllmg the movement of contammants,
within the ZOC is called "advectnon," in whlch contaminants are carrled toward a well by -

. the bulk motion of the flowing ground water. Chemical, biological, and physxcal processes
other than advection may affect the fate of contaminants in ground water. Retardatxon
and dlspersmn are two processes that respectlvely slow and accelerate the. movement of a
contaminant toward a pumpmg ‘well. Relevant properties of -contaminants that could
affect thelr movement toward a well or spring are briefly dxscussed in Sectlon 2.3.

Fmally, it should be noted that while many surface bodies serve as boundanes to

flow (the situation depxcted in Fxgures 2-1 and 2-2), many do not. Pumpmg can xnducei

ﬂow not only from the surface water bod1es themselves, but (due to underflow) also from

areas, .on the opposxte side of the surface water body from the well. _In such sxtuatxons,

contamxnants within surface waters or from other aquifer segments can be xnduced to

move toward the pumping well. Analyses of the extent and occurrence of this

’
s
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phenomenon, and the impacts on WHPA delmeatmn, will be an 1mportant factor m some
hydrogeolggxc settings and in some State programs. ‘

22 OTHER AQUIFER CONSIDERATIONS

Aquifers in porous, - granular materxals are commonly divided into’ two types, .

unconfined and confined, on the basis of stratxgraphxc setting and" hydrauhc pressure
(head) relationships. Unconfined aquifers have an upper water surface (water table) that
rises and falls freely in response to the volume of water in storage in the aqu1fer. The
water table is a free surface open to, and in pressure equxhbrmum thh, the atmosphere.

The upper water surfaces of such aquifers may lie a few feet or tens oi feet beneath the T w

surface in humid regions. In arid or semi-arid alluvxal settmgs., the water table may- be

several hundred feet below the surface. The depth to the water table and the nature of

the unsaturated zone above an unconfined aquifer can be szgm ﬁcant m controlhng how
rapidly contaminants are able to reach the aquifer. Much is known about unconﬁned
granular aquifers. These aquifers have recexved the- bulk of attention in the scxentmc
literature Other aquifer types such as confmed, karst, and fractured rock settings are
less well understood. The remainder of this section is therefore dxrected to a rev1ew of

¢

hydrogeologic factors of these settings relevant to WHP

2.2.1 Confined Aquifers

Confined aquifers occur beneath a lower permeability "confining unit" of rock jor

sediment. Pressure in the aquifer is greater than atmospheric, so that water will rise
above the base of the confining unit in a well penetratmg that <'onfm1ng horxzon (Fxgures

2-3 and 2-4). This situation is also commonly known as "artes 1an." The relatwe head
relationships across the confmmg unit are key factors in understandmg the requxred

extent of a WHPA, as well as the need for particular management strategles. If the head

(as expressed by the potentiometric surface) of a confined aquxfer is above that of the B ‘
overlying unconfined aquifer (i.e., the water table), contamxnants would likely remain m v

the unconfined aquifer, due to the tendency for upward ﬂow across the confmmg unit (as
shown in Figure 2-3). Conversely, should the potentxometnc surface in the conﬂned
aquifer be lower than the water table, downward leakage of water and contammants is

possible (Figure 2-4).

Apart from these hydraulic head relationships, the low permeabilities of conﬁnihg
units overlying confined aquifers can reduce both the travel times to and contamina;nt

concentrations in the aquifer, so that the contaminant may pose a reduced threat to the

|
i
o
|
[
|
i
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: aquﬁer. Ma;or ‘areas of concern, however, lie with natural or manmade breaches in ,
) confmement,‘such as mcxsed channels in confining beds or abandoned wells. Relatlve head -~

relatlonshlps 1n these sxtuatlons may permlt mward ﬂow or leakage of contammants from

-overlyxng uruts.

As a result of pumpmg over a perlod of time, confmed aquxfers may have thelr*

'hydraullc pressure lowered. until ‘the surface of water adjacent to the well bore is no

longer in contact with the base of the conﬁmng unit. ‘l'hus, the water surface is in a
water table condltlon in the cone of depressxon, although it is S‘tlll "stratlgraphxcally"
conflned.l : ‘

- Most confined aquxfers are actually semlconﬁned, being leaky to -some extent.v
Leakage 1s not- m itself evidence of contarnmatlon', many confined aquxiers derl_ve a
sxgmﬁcant amount of recharge from this source. Rather, leakage indicates an influent
condmon that could mtroduce contammants into an aquxfer where they are able to reach
the leakage pathway

As relative heads change to permxt inflow to the confined aquxier, it can be
presumed that the relatlve risk of contamination to the aquifer w1ll increase. The
potential for mtroductlon of contammatlon is roughly proportlonal to the dlﬁerence in
heads and hydraullc conductxvxty of the confining unit. The area most subject to rapxd

. contaminant inflow would thus be in the area of lowest relatlve aquxfer head that is, low

elevation in the aquxier's potentlometrxc surface. Analysis of hydraulic head dxﬁerentlals

. and identification of potentlal pathways should prov1de a ba51s for evaluatlng the rlsk to

wells or well fields in confmed aqu1fers. ‘

. Shallow, Poorly-Confmed Conditions. Fractures in ﬁne-gramed confmmg sedlments under

near—surface condmons can provxde significant natural pathways for contammant' ’

. mlgratlon. Although fractures have been observed to penetrate to depths of about 60 feet

in glacial till, they are usually restricted to much shallower depths under shallow water
table conditions (Cartwright, personal commumcatlon, 1987). The permeablhty resultmg
from near-surface fracturmg is sxgmﬁcantly greater than sxmllar fracturmg at depth.
Thls is because the effect of mcreasmg horizontal in-situ stress is to decrease both the
aperture width and spacing frequency of iractures. ‘Permeability of unconsohdated '

' sediments (due to prlmary porosxty) is also greatest near the suriace, decreasmg with

depth. :

2-9
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Condxtnons of increased fracture permeability in fme-gramed sediments and higher

near-surface primary-porosity permeability combine to cause ‘the zone of greatest risk of
*' contaminant transport into a confined or semiconfined aquifer to be near the surface. As
a result, it can be considered that shallow, poorly-confined aquifers (100 feet or less

below the surface) have approximately the same risk of contamination as do unconfined

aquifers. If data exist to indicate that such aquifers are as eﬁectlvely confined irom
surface and shallow subsurface contaminants as are deeper confined aquifers, a less
stringent approach may be considered.

.t

Intermediate Confined Conditions. Between depths of 100 and 300 feet, confmement

characteristics are difficult to predict because they are' very dependent on local o
circumstances. In this intermediate zone, some confmed aquers are very leaky. Fluxds . “ L

may move downward with ease through poorly consohdated sedlments, frac ture-prone thin
siltstones, carbonate rocks, and sandstones of low permeability. In other settmgs,

aquifers of this depth can be well confmed by fine-grained sediments or consohdated S

rocks.

The intermediate zone lies below depths where good soils and engmeermg data on
permeability are frequently available (usually only for the rcmge from the suriace to 20

feet). It is also beyond the depth range for which most laboratory and ﬁeld test data are

developed. Intermediate-depth confined aquifers are sO subject to the specxﬁc
characteristics of individual sites that generalizations relative to WHPA dehneatlon are

difficult to support. Approaches should therefore be developed on a class-by-class (where o

regional similarities exist) or well-by-well basis.

Deep Confined Conditions. Aquifers that are deeper than 300 feet below the surface are

at the upper (shallow) end of the data sets showmg field or laboratory measurements of
fracture hydraulic conductivity and permeability, or else are sufficiently close to such ‘
data that reasonable extrapolations of properties can be ‘made. In addition, the extent of
contaminant attenuation that can occur during vertlcal transpcort 10 the deep units adds to -
the margin of safety. Except in such settmgs as the coastal plams and deep alluvxal_ o
basins, confined porous granular aquxfers are frequently consohdated below 300 feet. Th1s o

means that permeabilities are greatly reduced in comparxsc.n with their unconsohdated
analogues. In such circumstances, the cone of depressmn can be a s1gn1£1cant mdxcator of

relative head and potentiometric surface relatxonshxps betw'een a confined aquxfer, its

confining units, and adjacent aqulfers.
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Where leakage occurs through ad)acent strata, recharge is generally greater m the

deepest parts of depressmn cones, decreasmg with dxstance irom a. pumpmg center. The 7
recharge rate increases as the potentiometric surface declines and the vertical head Joss.
increases (Walton, 1970). Neuman and Witherspoon (1969) ‘and subsequent studles have ‘
discussed some of the complexmes of assumptnons and their consequences in the analysis

-of leakage. Nonetheless, Walton's generahzanons appear vahd.

The volumetrxc ‘extent of aqu1fer leakage occurs over a wide range. Some poorly
confxned aqu1fers can produce a high ratio of water from leakage_ relative to ‘thatvfrom

storage. More tightly confined aquifers will'have a small ratio of leakage to storage
water. As was indicated previously, leakage only indicates the possibility 'ro,f;
- contamination, should contaminants enter a leakage path into a confined aquifer. In cases

- where leakage is from ‘water stored in. the conflmng unit, it may be that no discrete
leakage path exlsts across the confmmg unit to an overlymg aquifer.

Deep confined aqu1fers should be. evaluated on the basis of various factors. ‘I'he
effectiveness of natural c:onfmement is a major consxderatlon, taking into account natural

- breaches (such as fractured or eroded confmmg units) and changes in hydrauhc '

conductxvxty from changes in facies of conixmng horizons. Manmade breaches, such as
active and abandoned well bores, are. quxte sxgmfxcant to the possxbllxty of contammatxon

-threats. Relatxve dlfferences in head between: the aquzfer, confmmg unxts, and ad)acent ,

' aquers are also 1mportant. , ‘
' 2.2.2 Karst and Fractured Bedrock Aquxfers | 4

Although there is a broad range in flow velocities among granular, porous aquifers,
it is apparent that flow conditions in other types of aquifers need to be consxdered.’ Both
karst and fractured bedrock aqu1fers can be in either unconfined or conflned settmgs. In
~ unconfined and poorly confined condltxons, these aquifers can have very hxgh flow (and

‘ contaminant transport) rates under rapld recharge conditions such as storm events.
Transport times across ‘entire karst or fractured bedrock flow systems may be as short as

hours to weeks, much briefer than in porous, granular.aquifers. For this reason, these

susceptible "aquifers should be evaluated dxfferently from. the more common porous, _

granular aqu1fers. ,

Solutlon enhancement of bedding plant )omts and fractures in karst, aquxfers creates
large pathways. As a result, flow velocities in karst aquifers having conduit flow can
range over several orders of magmtude between hxgh-flow and normal-flow condmons.

2-11
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Because karst aquifers can include both conduit and diffuse flow paths, different flow
mecharxitsms can supply water to well and spring discharges concurrently. Diffuse flow
+ Systems can frequently be modeled and evaluated using the methods for porous, granular

aquifers, but conduit flow situations are not effectively aﬁaly::ed in the same manner.

Karst aquifers can be divided into d'i.ﬁuse flow, mixed diffuse and conduit flbw," and
conduit flow. - -Under conduit flow conditions, contaminants cah be transpofted quite
rapidly in the system from their point of introduction to the point of delivery, with only
minimal dilution or dispersion. Similarly, conduit karst can often undergo rapid flushing
of contaminants from the system. As a result of different conducting channels within
conduit flow systems, contaminants in one set of channels may not interconnect .with
adjacent channels. Thus, the pattern of water quality during a contamination event can
differ considerably from that which would occur in porous, granular aquifers. | |

Fractured bedrock aquifers share many characteristics with conduit karst aquifers.
Howevgr, they often cannot match the higher flow velocities in karst, because fracture
apertures have not been enlarged to the same extent by dissolution. Fractured bedrock
aquifers generally have relatively little storage capacity in the p‘o;re’ space of the aquifer -
compared to that in porous, granular aquifers. If théy are capable of significant water
supply, this is usually the result of interconnections with alluvial aquifers, saturated
saprolites, or surface water bodies. They are charéc;terized by rapid and large rises in the
water table during recharge/maximum flow .events, and can be influenced by reéharge
from a large portion of the effective drainage basin.

As discussed in Chapters 3 and #,vunconfined and poorly confined, conduit flow,
karst, and bedrock aquifers that are characterized by highfﬂow events will likely be
delineated initially by mapping the general physical boundaries of their drainage basins.
Water table elevations under normal and high-fldw conditions will also provide rel,evant'
data. Subsequently, more precise delineation of flow can be conducted to determine those
portions of the drainage basin that actually contribute to a well or spring. This effort can

be based upon use of dye or other tracing techniques.

Finally, the approach to WHPA’del»jneation in more effectively confined karst and
. fractured bedrock aquifers that are isolated from both surface water and shallow, rapid-
flow-response aquifers can be the same as that for other deep, confined aquifers.
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2.3 CONTAMINANT PROPERTIES

] Subsbctlon 1428(a) of the SDWA requxres States to- adopt programs “to protect
wellhead areas...from contammants which:may have any adverse affects on the health of

" persons." - Subsection 1428(a)(3) further states that ‘these programs must as ;"a'

mxmmum...xdentlfy w1th1n each wellhead protectxon area all potential anthropogemc
sources of contarmnants which may have any adverse effect-on the health of persons." '

.. Based. on _the .current knowledge of contaminant characterxstlcs, ground-water

management strategxes, and other WHP iactors, there xs no one operatlonal approach that .
will be suitable for meeting this general gbal. Each State will likely choose its own'
approach and ratlonale. It is clear, however, that some knowledge of contammant

. properties is-essential for understandlng the adequacy of WHP delineation.

~ Many different types of contammants exlst- those of most concern can, generally be |
classmed as inorganic and orgamc chemxcal compounds and elements, bacterxa, and
v1ruses. It is lmportant to identify what is known about specific contammant types in
assessmg their significance in WHPA dehneatlon. ,‘l’he remamder of this chapter reviews

‘some of the major properties that affect. the persistence and mobxllty of contaminants in.

these groups. These properties torm the basis for understanding WHPA ,crlt,erla,-.the |

' subject of Chapter 3. |
‘2.3.l Inorganic Chemicals

- Some of the most common and mobxle contamxnants result trom the release of

. 'morgamc chemicals into ground water. Such constituents as nitrate, ammoma, sodium,
- and chlorxde often cause persxstent problems due to thelr hlgh solublhty in ground water.' o

For example, nitrate contamination from sewage and agrxcultural practxces occurs. over
large areas m many shallow aqulfers. Salt water problems from hxghway deicing storage

- depots, seawater infiltration, and brlne upwellmg have degraded’ ground-water supply

sources that have been stressed due to overpumpmg.

‘l'he prlmary mode ‘of xnorgamc contamlnant movement is through advectlon.
Retardation processes occur through demtrxﬂcatlon, adsorptlon, bacterial decomposmon,
precxpltatlon, and chelation--all of which are consxderably less effective under saturated
conditions. The most effective mechamsms of concentratlon reduction in ground water
are dxspersxon and dllutlon.

A relatiye ranking of the mobmty of common 1norgamc chemxcal pollutants that are
charactenstxc of municipal waste leachates shows very sxgmfxcant attentuation of heavy

’
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metals moving through clay, whereas there is only shght retardanon of water-soluble ‘
organic‘t;onstltuents exerting a chemlcal oxygen demand (erffln and thmp, 1978; anfln,

vet al,, 1976). The comparative effectiveness of different clay minerals and of iron and
aluminum oxyhydroxides in removmg heavy metals has been demonstrated (Griffin and
Shimp, 1976; Kinninburgh, et al., 1976) Oxxdlzmg conditions in soils and water lead to ‘
precipitation of i iron, manganese, and alummum oxyhydroxxdes, scavengmg other metalsas
well:‘ On the other hand, oxxdlzmg condltlons in water can mamtam (dissolved nltrate‘vw
concentrations that can be readlly reduced under bxologlcal or chemacal reductlon \
conditions. ‘ ‘ St e L

Although certain metals may perslst for long perxods in ‘ground water, their moblllty‘ -
is generally lower than other more "conservatxve" morganlcs such as nitrates and o
chlorides. This is due to the relatwe low solubilities of many metals under most ground- . A
water conditions and to their tendency to be adsorbed on clay mmerals, on hydrous oxides =~ .
of iron and manganese, and on orgamc matter. Isomorphous substitutlon or
coprecipitation with minerals or amorphous solids can also be important (Freeze and [
Cherry, 1979).

The solubxhty of metals is generally controlled by thte most abundant anions in
natural ground water. These are hydroxyl, blcarbonate, sulfate, chlorlde, nitrate, and (in
reducing environments) sulflde ions. The moblhty of metals depends on the solubilitiesof =
their hydroxides, carbonates, sulfates, chlorides, sulﬁdes, ‘and organic complexes
(Matthess, et al., 1985). The movement of metals, as with other inorganic species, is ‘ {
primarily by advection. . R | - R

2,32 Organic Chemicals |
Although many organic chemicals occur naturally in the subsurface env;ronment, the e
effects of certain Synthetxc organic chemxcals are becommg of concern in most State =
ground-water protectlon efforts. These chemlcals mclude, among others, solvents,
pestlcxdes, and synthetlc hydrocarbons. Organlc chemlcals may be removed from ground
water by a variety of means. Chemical reactions, microbial .acthty, and cometabollsm
either reduce the concentrations of organics or metabohze and destroy the chemlcals by
transformation or consumption. The rate of degradation is mfluenced by such factors as
the volume of contaminant, its mlsc1b1hty and solublhty in_water, temperature, PH,
oxygen content, the availability of certain orgamc and mo anxc matenals, and the - i
character of the substrate (Helling, l97l, Iwata, et al,, l973, Gl lffm, et al., 1979)
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Decomposmon is especxally enhanced by mlcro-orgamsms, which are most actlve in

-~ -soils and in 'aerobxc, shallow, unconfmed aquxfers. It is uncertain whether thxs is the result
of .transformation to secondary orgamc compounds or complete mineralization. However,

decomposition rates are ‘much slower in ground water than in the soil. Consequently, :
orgamc chemicals can be quxte persxstent after ground-water contammatlon has occurred.

‘I'able 2-1 hsts the persxstence of several organic materlals in ground water and
soils. Some pesticides may contaminate ground water .due to, their hxgher leaching
potentlals. It can be seen from this table that certain organic contammants are very
persistent, especxally in ground water. For ekample, DBCP has a half-hfe of about lO‘
weeks in the soxl, in contrast w1th up to 140 years in ground water. ‘

A .growing concern lies with a phenomenon called "facmtated transport“ (Tomson, et
al., 1987) Contaminants that have been consndered relatwely 1mmob11e, such as dioxin

‘and metals, have been dxscovered at great distances from their sources. It appears that
organic. solvents can greatly affect the mobility of these contaminants. Recent,
_ information also indicates - that - colloxds and macromolecules appear to facilitate

movement of contammants, enabling them to disperse faster than the average ground-f
water flow rate. The full impacts of this phenomenon on the transport of metals and

‘orgamc chemncals are not yet known. Imphcatlons on selectmg \VHPA Criteria thresholds ,

are discussed in Chapter 3. =~ -

2.3.3 Bacteria and Viruses

The survival of pathogenic micro-organisms (e.g., parasitic and “enterotoxin-
producmg bacterla) in the subsurface environment has been a key component of pubhc”_
health concerns for drmkmg water protectlon for many decades. Allochthomc bacteria

. (those. artlfncnally introduced) are usually elnmmated in the subsurface envxronment,:
‘generally faster than organxc chemicals. ° In oxygen-rxch environments, bacteria can

survive for fairly long periods (greater than 6 months)' in the deeper parts of the
unsaturated zone and in gr.ound water. * ’ ‘

The ehmmatlon of pathogens results from the combined- effects of the physmal' " , v‘ "

(mcludmg temperature), ‘biological, and chemical conditions that exist at a site. The .

' vavallabllxty of nutrients and blologxcal factors is most important for the survival of

pathogemc bacteria. Ehmmatxon is faster at high temperatures (370 C), at pH values of
about 7, at. low oxygen concentrations, and at high levels of dlssolved orgamc carbon.
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 TABLE 2-1 .

“ “-Q?. Persistence of Organic Substances in Ground Water and Soils

Organic Chemical . Estimated Hall;ffl.ife (years)
In GFqund Water In Soils

Hydrocarbons

Benzene 1

Toluene 0.3
Xylene B . 0.3
Ethylbenzene 0.3
C3 Benzene ‘ 0.6
Napthalene 0.6

Halogenated Hydrocarbons'

Dichloromethane 1
Trichloroethane : 2
1,1,1-Trichloroethane ’ 1
Di'chlorobenzene 1

Pesticides* (solubility in

water)

Chlordane 2t04

DDT 3t1l0

Dieldrin 1 t?

Heptachlor 3 7 t012

Toxaphene _ 10 ‘

DDVP : - 0.047 (17 days)
Methy! demeton S 0.071 (26 days)
Thimet 0.005 (2 days)
Pesticides** (high solubility

in water) . )
EDB 5.8 0.04-0.35 (2-]18 weeks)
DBCP 28.5 to 140 - 0.2 (10 weeks)
Aldicarb 0.2 to 12,5 0.08-0.15 (4-8 weeks)
Atrazine : 0.2 t0 2 _ . 0.08-1.1 (4-57 weeks)

Carbofuran ' Otol 0.02-0.7 (1-37 weeks)

Source: *Matthess, et al., 1985
**#Cohen, et al., 1984
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Under these condmons, naturally occurring bacteria are activated, which act,
antagomstncglly towards pathogemc mxcroorgamsms in the waste materxals.

4

Elxmxnatnon is specific for dlﬁerent mlcrobxal species (Figure 2- 5). -For example, a
Coliform bacteria will reach a 99.9 percent elxmxnatxon in less than 8 days, while it takes
50 days for E. Coli to attain the same level of elxmmatxon.: Under ohgotrophnc conditions

"and at temperatures below 150 G, Salmonella typhi can survwe ‘more than '100 days, .

. Salmonella typhimurium approxlmately 230 days, and Yersinia sp. approxxmately 200 days
-(Matthess and Pekdeger, 1981). Several factors control the survival and migration of

“viruses once they have been introduced into the subsurface environment. In general, the
climate, clay content and molsture-holdmg capacxty, and virus type are the ma)or ‘ ‘
elements in determining ' virus fate. Viruses' can migrate considerable dxstances
underground° virus: penetratlons 1o depths as great as 67 meters and horizontal migrations
as far as l408 meters have been reported (Keswxck and Gerba, 1980)

Consxderable empha51s has been placed on examlnmg the persistence of viruses in ..
‘ground water. A recent study determined that temperature was the only variable .
significantly correlated with the extended survival of three viruses examined. In addmon,
‘it was observed that the viruses persxsted for longer periods in well water samples than in
surface waters incubated at slrmlar temperatures. ‘At the lower ‘temperatures
characteristic of ground water in most areas of the United States, Pohovxrus 1 and -
Enchovxrus 1 persxsted for very long periods, up to 28.8 days, before a sxgmﬁcant'
* reduction. was achieved (Yates, et al., 1985). Figure 2-5 indicates that 0.1 percent of
Polrovxrus, Hepatmswrus, or E.nterovnrus can survive after a ‘140-day penod in ground
water, which is considerably longer than the survxval of E. Coli bacterxa. Under favorable
"ohgotrophx,c conditions and.at temperatures less than 150 G, Pohov.lruscan survxve for
| over 250 days'(Matthess and Pekdeger, 1981). ' i )

' From these and similar findings based on field studies, it hasbeen recommended in
. Europe that delay times of at least 50 to 60 days, and where posslble as much as 1 year,
should be provided to protect wellheads from virus and pathogemc bacteria
contammatlon. In addmon, due to scale dependency factors and regardless of delay
tlmes, a minimum lOO-meter (325-foot) distance is- requ1red (Matthess, personal
commumcatlon, 1987). These conclusions have been derived irom an extenswe, multl-
year research program (Matthess, et al., 1985) ‘ N
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- ' Figure 2-5 .
Elimination Constant and 99.9% Elimination
of Some Relevant Bacteria and
Viruses in Ground Water

99.9% Elimination = T T T T T T T T ]
in Water After 275"11 o70 35 23 16 14 12 110 g - 8 7
1 .
50 Days 10 Day's
Shigella sp. | Coliform bacteria
Salmonella faecalis
" E. coli
4
Mean of Evaluated Investigations
More Persistent than E. coli - = - Less Persistent than E. coli

S. typhi

Viruses (Polio-, Hepatitis-, Entero-)

S. paa:a_typhi

S. typhimurium

Elimination I , T T 1 - T T— - 1
Constant (1/day) 0.0 0.1 02 03 04 05 0.6 0.7T 08 09 1.0

SOURCE: Matthess, et al., 1985
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. 2.# DELINEATION ZONE PROPERTIES AND TERMINOLOGY

The concepts of-natural ground-water flow, the mﬂuence of pumpmg, the rates of .

trivel, and contammant transport are mtroduced m the earlier sections of ‘the chapter.

" At present, these concepts form the elementary prmcxples used in most' WHP programs.
~ As will be dxscussed in Chapter 3, exrstmg WHP programs are generally aimed at one of -
' the following overall protectxon goals. ‘

e Provide a remedxal actnon zone to protect wells from unexpected contamxnant

releases. .

e  Provide an attenuatlon zone to bring concentratlons of specxflc contammants
to desired levels at the time they reach the wellhead.

. e Provxde a well-ﬁeld management zone in all or part of a well's present or
future recharge area. '

Several approaches have been utilized to accomplish the goals listed above. The :
. approaches require operatlonal procedures for dehneatmg WHPA's for a variety of

settings. Five hypothetical situations in different hydrogeologic settings are described

‘below to 1llustrate the apphcatxons of these generalized approaches. The apphcatlon of

each approach is based on specific criteria (such as txme of travel or drawdown) that form

‘the basis for several delineation ‘methods. The criteria  and methods used m WHPA ‘

dehneatxon are discussed extensively m ‘the chapters followmg. The purpose of this

dlscussmn, however, ls to depxct the dlfferences in crxterla and method apphcatxon based

ona 3 range of aquifer types. '

The first examplews depicted in l-‘igure 2-6. A pumping well is shown to have

created a cone of depressxon thhm an unconfmed ground-water flow system. The aquer
consists of an unconsohdated porous media overlymg bedrock. The ZOI of the well is the

area overlymg the cone of depressxon. ‘I’he ZOC is the entire flow system that supplxes '
water to the well, mcludmg in this case a large portion. of the ZOI. The full extent of the
'Z20C would represent a more accurate appralsal of ‘the area m whlch ground water'

actually ﬂows to the pumpmg well.

+

The second lllustratlon (Figure 2-7) deplcts (by shadmg) zones of hypothetlcal

transport of a contammant in the same aquxfer. The time for a contaminant to travel
. from a point to a well is 1dent1f1ed by contours of equal travel time (1sochrones) The
“zones within the 1sochrones are reierred to as "zones of transport" (ZOT's) Large ZOT's

2-19.

. Dre——




Figure 2-6 ..
Terminology for Wellhead Protection
‘Area Delineation (Hypothetical
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Frgure 2-7
L 'I'ermmology for Wellhead Protechon
Area Delineation (Hypothehcol
Contommont Transport in Porous Medlo)
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are ‘shown for areas near the ground-water dxvxde far from th pumpxng well. The larger
the ZO‘L‘(x.e., the larger the TOT threshold), the more protecttve the WHPA. Very small .

« ZOT's are shown within the | area of influence of the well, whenre contaminant travel txmes S
are significantly accelerated due to the hxgh hydrauhc gradnents and flow velocities in ‘this
area. The ZOT is part of the ZOC, however. o e e e

The thxrd sxtuatnon (Fxgure 2-8) depxcts a ground-watelr flow system in a mature
karst settmg. The dxscharge is to a spring used as a pubhc water supply source. The flow = = =~ .
is generally confined to a complex network of solution chanhel and cavernous conduits u .
that is extremely difficult to infer from the surface. An apnproach in such a sxtuatlon . B b
might be to delineate WHPA's based on the boundaries of the ZOC being inferred as the

divides or dramage boundarxes of the settmg- L L

~ The fourth example (Fxgure 2-9) presents a pumpmg well in a fractured bedrockw e
aquxfer that has been placed at the intersection of two fractures. Thxs well location takes | |
advantage of the hxgher permeabxhty and storage provxded by 1'he fracture zone. Flow 1o o
the well is controlled by the dxstrxbutxon and degree of mterconnectxon _that exxsts-“ ’ [
between fractures and by the variations in aquifer rechar;ge due to ramfall. It is
extremely difficult to define the actual recharge area of awell ina iracture settxng.‘ An
assumption that the topographic divides or drainage boundaries of the settang represent
the ZOC may be the basxs for WHPA dehneatxon here. L

“The final example (Figure 2- 10) xllustrates a pumpmg we'll in a conﬁned aquxfer in_
porous media. In this case, the prepumpmg potentxometrxc surface of the confined aquxfer
has been lowered below the water table of the overlying unconfmed aquifer. The
confining layer may provide some protectxon to the water source. However, the dommant
vertical direction of potential contaminant flow in the area where the potentnometnc S
surface is lower than the unconfmed ‘water table suggests that this should be exammed as L e
an area of concern for WHPA dehneatlon. Thxs would focus search for abandoned T
wells, fractures, and other features that could penetrate the mﬁmng layer. Another |
approach might focus on a portxon of the contrxbutmg area, based upon .some TOT

threshold within the aquxfer.

2-22




“

Flgure 2- 8

Termmology for Wellhead Protection Area Delmeahon o
E (Hypofhehcal Ground-woter Basm in Mqture Karst) |

I

NOTE: The "ZOC" shown was delineated with purpose of

based on inferred surface and subsurface drainage
areas.

SOURCE: Modified from Quintan and Ewers, 1985
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Figure 2-9 ‘
Terminology for Wellhead Protection Area

'y.. Delineation (Hypothetical Ground-water
y e - Basin in Fractured Rock)
Ground-—] 2oc
water | {Infarred)
Divide

L__—20¢ / /
LEGEND: -
. 1; Water Table
PLAN VIEW < Fractures
' "wm — Ground-water Divide

SOURCE: Modified from Otton, 1981 . NOT TO SCALE
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| Figu}e 2-10 -

4

Terin'iﬁblogy,for, Wellhead Protection Ared Delineafibn -
« (Hypothe;ﬁ,cdl‘ Conrfined"Aquif.‘err‘ in Porous -Media)
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"SOURCE: Everett, 1987.
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CHAPTER 3

S =
Eh
£

D -

DELINEATION CRITERIA

" As dnscussed in the first chapter, the SDWA Amendments refer to "factors" that
may be reflected in thns guidance to the States (Sectxon 1428(e))

Such guidance may reflect such factors as the radnus of mﬂuence around a

.- well or wellfield, the depth of drawdown of the water table by such well or

-wellfield at any glven point, the time or rate of travel of various

contaminants in various hydrologic” conditions, distance from the well or

_ wellfield, or other factors affectmg the likelihood of contammants reachxng
the well or wellfield. ' '

Many of these factors have been used in Europe and by State and local agencles in the
United States to protect wellheads against different types of threats, including:

@ - Direct introduction of contaminants into well casings
P Microbial contamination |
* Chemxcal contammatnon.

~ This chapter focuses on a dxscussxon of these factors, here termed "crlterla" because
- they can be used as’ conceptual standards on: which to base the actual delineation of a
WHPA. A dxstmctxon is made between the terms “criteria" and “criteria ‘thresholds." In
usmg a crxterlon for WHPA delmeatxon, a value or set of values must be selected to

. represent the limits above or below which a ngen crlterxon will cease to provxde the -
desired degree of protection. ‘l'hroughout this document these values are referred to as -

“criteria thresholds." Defxnmons and examples to clarify this distinction are provided in a

later section. Later ‘'sections also provide guidance on the selection of criteria and ;
cnterxa thresholds. Chapter & will describe how criteria and criteria thresholds can be -

'. ' mapped using specific techmques or methods. f

3. l _ CRITERIA DEFINITION AND CHARAC.TERISTICS

, " The term "crlterla" is used in this document to group all conceptual standards that
form the technical basis for WHPA delxneatxon. In thxs chapter, five types of crlterxa are -

1dent1f1ed and descrxbed.

e  Distance
~ e Drawdown

© -




° Time of travel
- o ﬁ, Flow boundarxes |
Y e Assimxlatlve capacxty. |

which may have any adverse effect on the health of persons" may be} met m many ways by
the State. The selection of WHP cmena and methods is nly one mput to tlus analysm of o

WHP Program "adequacy "

A State's choxce ofa crlterxon wxll hkely be based onac
nontechnical (e.g., admmxstratwe) consxderatxons. "The techl
depend on the degree to which a crxterlon mcorporates the processes affectlng ground-
water flow and contaminant transport. For example, as "shown in Flg‘ure“ 3-l,‘ a crlterlon
such as “drawdown" conslders solely the physxcal ‘proces ‘
movement due to ground-water flow (advectxon) Other technical crltena such as txme of
travel (TOT) can consider more processes, such as advectlon, hydrodynamlc dlsper510n, B
and solid-solute mteractlon. : R

bination of thmld

‘ In some mstances, nontechmcal conslderatlons (such as a State's mstxtutlonal
capabilities to xmplement a program) would du:tate the choxce of crxterla. “This could "

mandate use of a sxmpler criterion, such as dxstance, rathe than a more techmcally””””W ae
sophisticated one that might be more suxtable if the capablllty exxsted to 1mplement xt. T

3.1.1 Distance |

* The dxstance criterion is the concept of dehneatmg a WHPA usmg a radlus or‘
Any WHPA crxtenon T
” the most dlrect way of‘

dxmensxon measured from a pumpmg well to a pomt of col
selected must eventually be mapped. ‘l'he dlstance crxtenon ‘
delineating a WHPA. Since by definition a WHPA is an area, ‘mapping it would requxre
that a selected distance be measured from the well to the pomt of concern., ‘l'he use ofa
distance criterion by 1tself may present a dlsadvantage, since lt does not dxrectly .
incorporate the processes of ground-water ﬂow or contamlnan transport. ‘l'herefore, the =
resulting WHPA could provide msufilclent or meffectwe prote tlon. 'The latter condition =
might be a consequence of trying to admxmster an xnapproprxate WHPA thh llmlted” N
resources for contaminant source control. ‘ LT

~ Selection of distance as a criterion generally has been balsed on past experxence thh
ground-water pollution control, or on nontechmcal consldera ons. Commonly, itisan
arbitrary policy decision. Distance has frequently been select« asa "fxrst ..tep" m WHPA ”
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delineation; it offers sxgruf.xcant advantages over the absence of a WHPA. Further\
reﬁncment of the WHPA's may later be based on a mor«e sophzstxcated or tailored
criterxom Distance has been used for “generic" delineation of microbial protection zones,

*’and for establishing setbacks from pesticide apphcatxons.
3.1.2 Drawdown

Drawdown refers to using, as the WHPA criterion, the extent to which well pumpmg‘
lowers the water table of an unconfined aquifer, or the potentnometnc surface of a

confined aquifer. This is the criterion that defines the commonly used "cone of

depression” or “area of influence" concept. As dxscussed in Chapter 2, the greatest

- drawdown occurs at the well, and decreases with dxstance, unul a pomt is leached where‘
the water level is not affected by the pumpage. This is illustr ated conceptually in anure

3-2. As a result of the drawdown created by a pumping well, the hydrauhc gradxents and

ground-water flow velocities toward the well increase. Drawdown can accelerate o
contaminant migration toward a well. The actual extent of the ZOI can vary enormously,‘
from a few tens of feet in highly prolific water-table aquifers to tens of miles in confined,

consolidated, regional aquifers.

An approach to protecting the wellhead ‘is to delineate tlhe houndaries ‘of thearea of‘ .
pumpmg influence (zon ThlS can be accomphShEd by selectlng a smau threshold value o
for a drawdown cntenon and then determmmg the dxstances fr om the well(s) to the pomts ‘“ o
where the specxﬂed criterion is sans:ned. For example, m the ﬂat water table condmon “ |
shown in Figure 3-2, the ZOI is. hkely to comcnde thh the ::one of contrxbutxon (ZOC) ”
Therefore, protectmg the Z01 wo'-ﬂd aChleVC a degree of PrOtC‘CtIOn s1m11ar to the results . v

o — .

of protecting the entire ZOC. As noted earher, however, the more common settxng of a

sloping water table zmplxes a potentxally sxgmfxcant d;iference hetween the ZOI and ZOC.‘ v

Reliance on the zol may therefore lead to mapproprxate protec tnon in many settmgs.

3.1.3 Time of ‘l'ravel (TOT)

TOT is a WHPA dehneatxon criterion based on the maaumum txme for a ground- o
water contaminant to reach a well. As shown by Fxgure 3-1, TOT conceptuauy‘ o
incorporates a more comprehensxve evaluatxon of the physxcal processes oI contammant“

transport than most of the other criteria identified. Of these physical processes,

advection is the best understood, and hence TOT calculatlons for WHPA delmeatxon have “
usually been carried out on this basxs. If only advectlon is colnsxdered, the time requxred

1 CopE e
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Flgure 3-2 |
Aquufer with Flat Water Table and ngh
Rainfall Conditions, Where Boundaries of
ZOI and ZOC Approximately Comcude

3
2
a\ -
K

(Conceptual)
| .~ zov=20C |
r E PUMPING ) ‘ | ,
WELL . ¢ : - . -
RECHARGE - - RECHARGE LAND SURFACE

PREPUMPING
/wnsn LEVEL

€

ONE OF
DEPRESSION

e
/

BEDROCK-SURFACE

_ (A) VERTICAL PROFILE

PUMPING '\ -
—~WELL

NOTE:
For the case of small hydraulic .
gradient, the ZOIzZOC

LEGEND: L o
===t~ Direction of Ground-water Flow

{B) PLAN VIEW | , -l? Water Table

‘ o NOT TO SCALE

3-5




ot

~ facilitated transport provide further scxentmc evxdence that short TOT ‘thresholds (based == = !

for a contaminant to reach a well would be affected not only by the dnstamce to the well‘
but alse by the i increase in hydrauhc gradient near the well,

For most well fields, particularly those where flow velocities are relatwely hxgh,
advection accounts for most of the movement of contaminants toward the well(s). In
aquifers where the velocities are high, it is likely that a cont: aminant would travel! quickly
toward the well(s). Relatively high threshold values for a TOT criterion may be selected
in these cases if possible, though some concerns over 1mplem¢'ntab1hty may be raxsed.

For aquufers with low flow velocmes, other physical processes, such as
hydrodynamic dispersion, should be considered. Under such condmons, dispersion becomes
more important, since it can cause a contaminant to reach a well sooner than would be
predicted by the hydraulic TOT equatlon shown above. Detailed discussions on the effects
of dispersion on contaminant transport can be found in Anderson (1984), Bear (1979), and
Fried (1975). In addition, the concept of “facilitated transport" presented in Chapter 2
may further reduce the actual travel time of contammants to the well.  Dispersion and °

on uncontaminated ground-water ﬂow rates) may be problernatnc.

TOT is an operational measure of overall ground-w.iter flow velocxtnes. Such
velocities vary enormously based on hydrogeologxc setting. Selected examples depxctmg
this link are shown in Figure 3-3. Itis apparent that, first, there is great similarity in
hydraulic conductivities in a variety of types of porous granulatr aquifers, and second, very
high flow rate environments—in fractures, solutxon-enllarged fractures, boulder
conglomerates, and fractured volcanic rocks and lava tubes-functxon effectwely as either
open- or closed-channel (pipe) flow. In the geologxc settings for such h:gh flow velocities,
which operate under peak conditions for ‘only short periods of maximum recharge, travel

~ times are extremely rapid. For the entire flow system, they are in terms of hours to days

or weeks, rather than the years and multiples thereof characteristic of laminar flow in
porous, granular aquifers. Whether confined or unconfined, the hxgh-ﬂow-velocxty
geologic settings require separate consxderatxon from those appropriate to- exther
consolidated or unconsolidated porous, granular media. L |

As a result of the focus on only maxnmum velocmes of contaminant transport, the
numerous factors operating along the contammant's flow path (into as well as within the
aquifer) to reduce, disperse, or dilute the maxnmum concentratxon become factors of
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safety for the vast -majority of contammants. The consequem is that arriyaf times may
~ be more &azccurately estxrnated than contaminant concentratnon's. 7 '

'8.1.8 Flow Bomdaries

A WHPA delineatxon crxterxon based on flow boundarxes .apphes the concept of using

determined locatxons of ground-water divides and/or other pnhysncal/hydrolognc features

that control grotmd-water flow. Use of flow boundaries as a_criterion follows, fromthe . . ...
approach of protectzng the well's ZOC Thxs assumes that a ”contammant entering the

ZOC would eventually reach the well under the prevaxhng hydrauhc gradnent. Examples
of surface features that in some hydrogeologxc settings act as flow boundarnes are ridges,

rivers, canals, and lakes. The limits of an. aquxfer and a f‘nxed regxonal ground-water .

divide are examples of subsurface boundarxes, as lllustrated 1n Fxgure 3-4, This crxterxon

is also useful for initial delineation of WHPA's for fractured bedrock and conduxt-Eﬂow -
karst aquifers. As noted in Chapter 2, however, flow beneaath surface ‘waters. due to

pumping can occur. In such cxrcumstances, the flow boundaxrxes cnterxon is much less‘
relevant.

The flow boundarles Crlterlon ls especmlly useful for Srﬂall aquﬂer sy5tems’ wher e ‘ o ‘ ‘

TOT to the boundarxes may be very brxef, or where the ZOI C'reated by well pumping is

rapxdly affected by proximity to the physmal limits of the aquxfer. Moderate to larger S

aquifers, with boundary separations of tens to hundreds of mlles, may be less amenable to

this criterion due to problems of implementing protection over very large geographxc o

areas., Exceptxons should be expected, ‘however, such as where the well is situated
relatively close to these boundanes. 1

3.15 Asimilatwe Capacnty

The assxmilatxve capacity crxtenon for WHPA dehneat:on apphes the concept of

s oo T

using the ability of the saturated and/or unsaturated zones of a formatlon lo attenuate . . ..

the concentrations of contammant(s) to acceptable levels beforc- they reach a well.

A hypothetxcal illustration of how the assxmxlatxve <.apacxty of a subsurface D

formation could be used as a criterion in WHPA dehneatnon .is_shown in Fxgure 3-5. The

fxgure indicates that the subsurface formatxon wﬂl _atte

te concentratxons of

contarmnants generated by continuous sources located at pomts (l‘) and (2) By the txme | ‘ |

these contaminants reach the well, a desxred standard or "thr«eshold concentranon" (C )
would be satisfied.
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Flow Boundaries Criteria
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" [Figure (b) modified from Fetter (1880) ]. '

‘ z Water Table

~— Direction of Ground-water Flow : o
* NOT TO SCALE
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‘l'here are no known examples of the use of an: assxmxlatlve capacity crxtenon to

delineate a"WHPA for. a wide range of contammatlon threats. - The existence ‘and the +

kmetlcs of attenuation processes ‘are closely ‘tied to speclflc contammants and soil and

’aquxfer matrix composition ‘and conditions. They are not easily modeled or quantitatively

determined. Site-specific data for partxcular contaminants are needed for evaluations; A
for most contaminants, httle specific mformatxon on reactions is available. As a result,
the attenuatlon mechanisms are generally consndered too complex for selection as WHPA

“criteria. The degree to which they retard contaminant transport rates or diminish

concentrations becomes an unstated - factor of safety in some methods of WHPA -

'dellneatlon, however.

Where contammatlon threats are hmlted to one or two types, there have been some
attenuatwe-capacnty analyses. Examples mclude evaluations of nitrate loadmgs from

" septic tanks in certain northeastern U.S. communmes, and bufier zone concepts for

guardmg agamst Aldicarb contamination in Florida.

3.2 CRITERIA THRESHOLD EXAMPLES

Development of a WHP Program will requxre that one or more of the WHPA

. delineation criteria dlscussed above be selected. In addmon, a threshold value, or a set of
'them, must be chosen to xmplement the actual protectlon area dehneatlon. Thresholds -
" may be chosen for all three categorles of threats (dlrect, microbial, and’ chemxcal), though
“the first two are often combined. A threshold value selected to 1mplement an appropriate’

crlterlon that is overly or msufﬂcxently conservatwe might not achleve the WHP goals.

\ This’ subsectlon presents examples of threshold values that have been ‘used. byr

) natlonal, state, regnonal, -and local governing bodies. Tables 3-1" through 3-4 present
threshold values for distance, drawdown, TOT, and physxcal boundarles criteria, -

respectively. The mformatlon is presented for 1llustratxve purposes only, though it does
indicate the’ range of thresholds that are currently being exammed. In general, protectlon
from chemxcal threats is being reviewed over the iollowmg criteria threshold ranges.

o TOT-—S to 50 years (thhm the aqulier), less than 5 years in hxgh-ﬂow settings
) sttance-l,OOD feet to more than 2 miles
® Drawdown-o 1 to l.O ioot o

"o Flow Boundarnes-Physxcal and hydrologxc

3-11.
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e J\ssxmllatwe Capac;ty-angle—constltuent only, targeted to drmkmg water
s‘tandards. e '

- 3.3 CRI‘I'ERIA SELECT ION CONSIDERAT!ONS

= Three ma)or conslderatwns, shown sc:hematlcally in Flgure 3-6, can affect the
) delineation of WHPA's in a State. The relatxve unportance of each consxderatnon will vary
»- _ -from State to State. The considerations are:

" e  Overall protectxon goal(s)
e  Other techmcal conmderatxons ’
° Other pohcy consxderatlons.

Pohcy issues are comprehenswely addressed under parallel efforts by EPA. This
subsection: emphasizes the ‘technical consnderatlons and the overall protection goals that
affect criteria selection. However, a brief discussion of the effects of pohcy issues is
also 1ncluded. Pohcy and technical considerations will not always lead to ‘the selectlon of
‘the same criterion. For example, pohcy consxderatlons for a specx:fxc geologic setting ‘may
lead to: the selection of dnstance as the crlterlon, while techmcal consxderatxons may lead -

- to selecting a- crxterlon such as flow boundarxes. Slmllarly, techmcal evaluatlons of
- ground-water flow may suggest TOT thresholds of 50 years or more, whereas pollcyt
' consxderatxons may favor TOT thresholds of 10 to 20 years. S

3.3.1 Overall Protectlon Goals

~ As noted prevxously, three general goals have been identified as relevant to the _
. process of selectmg WHPA delineation crlterla' ' ‘

e Reaction Time. Provxde a remedlal actxon zone to protect wells irom
unexpected contammant releases. ' '

o ‘Attenuatlon of Contammants. Attenuate the concentrations of specific
‘ contammants to desired ,levels at the time they reach the wellhead'.‘

X * Protect All or Part of ZOC.V Provide a well-fie:ld management zone inall or a
' major portion of a well's existing or potential recharge area.

Relatlonshlps between the crlterxa and these goals, along ‘with a brief assessment of the
# goals, are shown in Table 3-5. ‘

- 37
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Figure 3-6
Consideration Factors That May Affect
Crlteﬂa Selection

POLICY ISSUES

~
ATTENUATION ™S~
OF

CONTAMINANTS
, SITE-SPECIFIC

CONSIDERATIONS

-
~~ PROTECT ALL {Hydrogeologic Setting,
OR PART OF Technical Capabilities,
20C ‘ Sources of Contamination,
Other Technical
Considerations) -

'3-18

K522

" m—ia




1

- $30Rdwy pUR ‘SONISIIA)  ]]9M 1B SUOIIRLUIIUOD
-oeaRy) JUBUWIRUOD  Jadaihy 333w o} ydnoud
. ‘suopedo} ‘s32inos AJSUIXD § UOZ
© . UOjIRUjWRILOD Jo Suj WY moys o3 ydnosoyy
-pueissapun skeydsiq .::..,._u_:.s sisdjeuy
o YdHA
_Eo»o.. asoy Ajepoadsy -
‘pase 331RyO3s UM
$324n0s Juedjjudls - ‘ sease
11e Jo Sujaojjuow puayj|am 513100ds
LT [S100u00 Iy dHM YA § SUOJIRUILIIDYIP
. $NANIR AsI-YdIy 101 Jo foeamnode
1@ Jo ueq 3qissogd: u) 32UIPPU0D Yl
s10)083 ; P_o.un“_
Wwadeueyy

" easw adaeyons
- UyIje S9DUN0S UOJIELY

-~uiepuod Jeuaiod jie
0} PUAXD SOV

$10)08}

JuawIBeurws Juead
~134 JO UOjIRIIPISUOD

. qRUOERL LU pakRy

_ sjonuod jo

sojseuads Sujdwnd jeny

~udjod pue 3unsixa
JIpun vase ddieydal .

1In) smoys sisAjeuy

wiep ojqejieAt

. 0} s3daou0d ddojoad -
-0apéy Jo uojjedjjdde
2]qeuosedl Lo paseq

JjifojoadospAyy -

. sjnbe
a31ej 03 ayeI0pOW
10} 3A13199302d-43A0

19410 U 0NN

-04d-aapun,, iS00l
awos uj Luol3dNold

. ....o>9. 0} pedy Aoy

- opewsq
..ok_ asow (soyuedso
apuis +3-3)
saajauivied aajea

. =435U0D {SIURUIITIL0D
1RIGOIDJL S8 YOS

swiojqoad ajduiys 10}
Ajuo 3jqerA Kuaan)

_ $22MN0S JUBADJA ||@
1€ SIUNSRIW UO§IOR
AAIDILI0D JO $SAINS
JAnngeded sa)jdu)

numu:.,.g,vqu_c -

?..:E Em:?..
0Z-01 uBL} 53] 3°3)

sadjnbe fjews o} -

ajedosdde Ajje)ad
«dsa taaoaijosd 3sow
‘se vsu‘_._._ouc_ que)

suojido
..oéo ayeiodiody) urd

taiepsdosdde se sEIS
4q pasojiey aq ued

tuoj3luljap Isoproig

vAdS

Uy paepuers, pue
WI2DU0D JO SHuBujwe}
~u02 Jy)1oads sI85IP
-pe A13034p 1S0

B sureadold Funsixd
Wim ,ojqnedwod,

) unwuiod parendar .

0} Jqepueisiopun
JPUUBL B U} $IDIN0E
dujudgeasy) sow
i Aj3oaalp sjeaqy

$IgTIUEAPY .

%:8.:.233: 3
syaed awos) adeuiesp
@opjans pue J9jnbe
Jo spjuiy) je2ishyg

: .»:u.Eoo...Z wyz

(4

..ou ape(y) INOJU0d
UMOPMERIP J00J-§Z°0

IETY wr;_&:a
- Jajem.mel Ul JON

10 93uvjuadaad Jaan’

(SPURIARIN 343)
“JO) 4eak ¢Z-01

(ePHI0}) JO RI®IS)

flsm 0} 104 ..np»-n

PIOVSAJNY) BLIANID
10 Jjdwexy

mmo..< uoj323104g vwo::o? mc_ame:__on_ 103
- BJIAYID puE S[EOD co:uuuo& =Ev>0 :voa«vm ma_;mco:m_um v_n_mew

num 378Vl

$3Jepuncq Mol

ouRSip

- umopmri

b_oa%u ’

SnpEpIssy

‘101

SuopIpuoD 9{qeIVS

-210} pue Jua4Ind
Jopun ease adseyd

=34 AU owu:n_z LT

‘ease ouhu._u
=33 J0 uojjiod
‘J0{ew uj edIe
JuRnadeusl piotf -

-iom v apiaoag %

[19m yoeas Ay
240}34 $]9A3}
pajjioads 0y
SURUIWRIUOD JO
,UojienuaNe 10 -

!Bnuuv_!:& A 2

‘$05E3|
-9) JUBLWEILOD
woJj {jom Ao
0} Julj} UORIRIS

enbope Suimoyjo

300z GOPIO® [CIP

-39 B ayeaujay ‘)

TN
Bupuodsaain)

. Jo sojdwexy

CLE R
oAV (84340

3-19




3.3.2 Technical Cormderatxom

This" subsection 1dent1f1es the technlcal factors that can be used to evaluate and

‘ultimately select the delineation crlterla. A matrix of techmoal evaluation factors versus

criteria is presented as Table 3-6. The matrnx ‘cells have been left blank so that an
approprlate ranklng of each criterion may be made by a State or locality in the selection
process. It should be noted that the relatlve importance of these evaluatjon factors
depends on the hydrogeologic setting as well as the goals of the protectlon program in
which they are apphed. The technical factors are described bellow. N

Ease of Apphcatmn A factor in evaluatlng a criterion is how easxly a techrucal user can
apply it. For valid WHPA dehneatxons, the State must have technical specialists capable
of implementing the delineation criteria chosen. The more technologically demanding
criteria require more advanced and speclahzed user abllltles.

Ease of Quantification. The ability to place a numerical value or threshold on a criterion
has a major influence on its suitability for use in guidelines or regulations. Some criteria,
such as distance and TOT, are easily expressed i in numerical terms. Others, most notably
assimilative capacity, are difficult to quantlfy. Consequently, the clarity of
communicating or legally defining criterion values can vary wxdc.ly.

Variability Under Actual Conditions. Another consxderatxon is the ablllty of & criterion to
reflect changes in hydrologlc conditions. These changes may be due to pumping rates,
recharge rates, and flow boundary effects, and will likely affect movement of a
contaminant toward a well. For example, a crxterxon such as TOT will allow a user to
modify the size of a WHPA to reflect an anticipated mcrease in pumping rates. In such

case, the hydraulic gradlents near a well will be mcreased, and the dlstance that a =

contaminant will travel in a given time (l.e., a specified criterion threshold) will also

increase. : 5 ' . i
: ‘ o

Ease of Field Verification. Often it is quite dlﬁlcult to reproduce accurately in the field
values that have been previously calculated. The ability to confirm criterion threshold .
values through onsite testing or mspectlon thus becomes significant in evaluating criteria
for selection. For example, in a porous medxa aquxfer it would be considerably more
difficult to verify estimated TOT's than drawdowns. R

Ability to Reflect Ground-Water Standards. Another consxderat ion for selecting a WHPA
delineation criterion is the potential for relatlng it to an overall water quallty standard (in
the well or ground water). For example, selectmg assxmllatlve capaclty as a delmeatlon
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l
criterion implxes that the attenuatxon characterxstlcs along 1Elow paths in the saturated
and unsaturated zones are known. Knowledge of how, where, and when the concentrations
wof a specific contarmnant are reduced would be helpful in dete-rmlmng whether a standard

can be met. R L L T N LY R s

fon

Suitability for a vaen Hydrogeolognc Settmg l-lydrogeologxc controls over ground water
vary widely under natural conditions. ‘l'he ablhty to apply a crxterxon to the hydrogeologic
setting being considered is, from a techmcal perspective, an (
Among the major physxcal controls that may mﬂuence the appropriateness and ease of
critena apphcatlon are the location of aquxfer boundaries, extent of confmement, degree
of consolldatlon, amount of fracturmg, and extent of solutxon clhannel development. | l

ntial evaluatxon factor. .. .. ...

Ability to lncorporate Physmal Prooesses Selectnon of a crlterlon should. mcludew
ccnsideratlon of whether the physxcal processes controllmg contammant transport at the

speciflc site are mcorporated by the criterion.

3.3.3 Policy Considerations - e

Because a parallel effort by EPA is addressmg pohcy/management 1ssues, thls ‘
subsection will describe only a few basic policy consxderatlons for illustration. The
discussion is not intended to be comprehensive. '

R I

To aid in the process of selecting a cnterxon, an evaluatmn matrix of crlterxa versus
policy considerations is presented as Table 3-7. The matrix cells have been left blank, so
that an approprxate rankmg of each criterion may be made by a State or locality in the |
selection process. The pohcy consxderatlons in the matrlx ~are described below. In
general, it should be noted that the pnmary policy conslderatxon, which cuts across the
four separate consxderatxons, is the apphcabxhty of the crlterlon to the overall WHP goal.

B

Ease of Understandmg. How easxly a crlterxon can be understood by the general pubhc is R
considered to be a significant measure of its usefulness, and may affect the decisionto =~
use the criterion jn a WHPA dehneatlon program. For ‘example, prior to estabhshmg a -~

delineation program, the pohcy of a ‘State may be to conduct a  public

outreach/mformatlon program, for which purposes ease of understandmg will I:e relevant. ‘

Economy of Cnteua Development. ‘l'he economlcs of developmg a crlterlon and related

threshold values are also sxgmflcant considerations. The costs of applying a criterion,and =~
- of developxng the techmcal resources to support this apphcatxoln, ‘may do much to mhxbxt

or encourage its use. Generally, cnterla that are hlghly complc-x, rely ona detaxled data
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ke

base, or are labor intensive to apply wnl be expensive. Thxs may “‘deter thel.r selectnon and .

acceptance, even though their technical vahdxty is unquestioned.

mfenslbmty. Enforcement and pemuttmg conslderatxons will require that the boundarxes o

of a WHPA be clearly defined and defensnble agamst potenual challenges and lmgatxon

from the parties affected by the delineation. Some crnterxa are more contestable in legalm
disputes than others. ‘l'herefore, pohcymakers may prefer to use the most techmcally .

defensible criteria for those areas m ‘a State where the potentxal for htxgatxon or
challenge to the dehneatxon is likely to occur. '

Usefulness for Implementing Phasing Some States may prc-fer to mmate thexr WHPA o

programs using the simplest and/or most econormc criteria. For example, a cr;terxon such '
as distance could be selected at the mitnal phase. The concept of "phasmg" is to mmate |
the program in this way, moving toward more sophxsucated criteria at a later txme. | |

Relevance to Protection Goal. A final deciding factor in criteria evaluation is the degree

to which specific criteria can meet or support the protection goal selected by the State ‘
As mentioned in subsection 3.3.1, with examples in Table 3-5, these goals include provxdmg '
a remedial action zone, an attenuation zone, and a well-fxeld rnanagement zone. .

3




-

-

_ - CHAPTER 4
" WHPA DELINEATION ur.mons

‘l’hls chapter descrxbes the techmques or "methods" used to translate the selected
crlterla and crxtena thresholds described in the prevxous chapter to actual, mappable

delmeatlon boundaries. lniormatlon has been assembled on the methods used in various
ground-water protection programs in the Unxted States and Western Europe to delineate ’

WHPA boundaries. From this mformatlon, six prlmary methods were examxned. Each has

- inherent strengths and weaknesses, dependmg upon hydrogeologxc condmons and the '
. overall goals and objectives of the WHPA program. This chapter reviews these methods

and provides examples at dlfferent levels of sophzstlcatlon. Since WHP is a relatlvely new

concept, however, new methods or modlfxcatlons of ex:stmg methods w1ll undoubtedly'

surface in the next few years.

- 4.1 INTRODUCTION TO WHPA DELINEATION METHODS

The six prlmary methods are hsted below in - order of mcreasmg techmcal | -

sophistication:

Arbitrary fixed radii
‘Calculated fixed radii o
' Simplified variable shapes

Analytical methods

Hydrogeologic mapping '

Numerical ﬂow/transport models.

The methods range from sxmple, mexpensxve methods to hlghly complex and costly

ones. Table 4- presents the WHPA delmeatxon methods, together with places where ‘they

have been or are being applied. In any WHP program, however, it is important to

remember that more than one method can be used to delineate a WHPA for a smgle well
“or well ileld. T ‘ ‘ ‘ ‘

The various methods of dehneatmg WHPA‘s can be represented conceptually ina
trxangular diagram, Figure 4-1.  The vertices (three corner points) represent pure -
applications of the three major method types. ‘l'hese allow a range in sophlstlcatlon-from ‘

. the selection of arbltrary values (e.g., a slmple fixed radius with no scientific basxs), to
the apphcatxon of hxghly quantliled techmques (e.ges analytxcal and numencal models

based on extenswe snte-specmc data), to mapping physical features whlch determme the

e R




TABLE 4-1 ‘
WHPA Delineation Methods and E.xample 'Applications

__Method : - _Example Locations Where Used

3

Arbitrary Fixed Radii .. Nebraska
; * Florida o
Cape Cod, Massachusetts

Calculated Fixed Radii : Florida
- : Vermont ‘

Simplified Variable Shapes  Southern England V

Analytical Methods ~ Cape Cod, Massachusetts
o | West Germany
Holland

Hydrogeologic Mapping ’ Vermont |
‘ ... . . Connecticut
| Cape Cod, Massachusetts

Numerical Flow/Transport Models Southern Florida
Cape Cod, Massachusetts

4-2
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, Figure 4-'l R | .
“Interrelationships of WHPA Methods -

QUANTITATIVE

ANALYTICAL, NUMERICAL
MODEL

CALCULATED /
‘ FIXED
RADIUS

CALCULATED AREA
EXTENDED TO .
BOUNDARY

COMBINATIONS

 ARBITRARY HYDROGEOLOGIC| -~ i

BITRA MAPPING
RADIUS - * FIXED RADIUS | a e '
| WITH EXTENSIONTO . . - -
ARBITRARY | " BOUNDARIES :?AYTSJJ%?;
C | (PHYSICAL OR HYDROLOGIC) L —_—
. \ ll‘
-3

"




geolognc or geomorphlc controls on ground-\vater flow.
somewh,ere between these three “corners."

¢ WHPA's delineated by a calculated radius based © nerahzed regxonal ﬂow o (
equations would be a combmatxon of arbltrary and quantltatwe methods. Regional flow
models can be developed and used by combmmg thé quantitative and physical features =
methods. An approach that starts thh a fixed radius and then extends the area to a basin
dlvxde would combine the arbxtrary and physical features _methods. Numerous L
permutatlons can be developed by combmmg the methods repre sented | by the endpomts. e

82 WHPA DELINEATION mamoo Assesswams

dxscussed in the followmg subsectlons. ‘ Brlef mdlcatlons of the ‘costsm‘ e
lmplementanon and apphcatxon of each method are prescented here, though more”“
quantitative cost estlmates are provxded m Sectxon 4.3. S

#.2.1 Arbitrary Fxxed Radu

Delmeatlon of a WHPA usmg the arbxtrary flxed radu ‘methodt mvolves drawmg a
circle of a specxfxed radms around a well bemg protected. "‘1' ] e W
be an arbitrarily selected dxstance crlterlon threshold value (Figure l&-2) Although it may |
appear that protectxon areas dehneated by thls method are ‘not_ based on scientific . .. .
prlnciples, the dxstance criteria threshold may be based on very generalized hydrogeologic
consxderatlons and/or professional judgement. For example, the distance threshold {
selected-—the radlus or set of radu-could be based ‘on averaging the distances which
correspond toa TOT threshold under various hydrogeologlc settlngs across the State.

Advantages. The arbxtrary fixed radu method is an easy techmque :Eor applymg a dlstance
crlterlon, can be very mexpenslve, and requu'es relatlvely luttle ‘technical expertise. @~
Using ‘thlS method, WHPA‘s for a large number of wells can be delmeated in a relatively -
. short time. The approach can be protectwe large thresholds are chosen, overriding A ‘
somewhat its lack of hydrogeologlc precision. 'l'he method‘can also be used to initially

define WHPA's untll a more sophzstxcated approach can be adopted, as the need for .
accurate protection lncreases or more hydrogeologlc data becorne  available. The concept "

of gradually xmplementmg more sophxstlcated approaches is called "phasmg" in this
document. :




. Figure. 4-2
.. WHPA Delineation Using the
. Arbitrary' Fixed Radius Me'h“_.l

WHPA BOUNDARY

NOT TO SCALE
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Disadvantages. A high degree of uncertamty comphcates thc= apphcatlon of the arbltrary -

fixed radh method, due to the lack of scientific basis for the criteria threshold values |
+t used with the method. This can be partrcularly true in areas of heterogeneous and non-
isotropic hydrogeology or where slgmfxcant hydrologlc bounda.rles are present. ‘ ‘l'hls "

method may also tend to over- or under-protect well rechat ge areas. This could add to‘ -

costs of procurmg or controllmg land use in areas that .aren't needed. Conversely,

recharge areas that should be protected may lie outsnde of the fixed radius, and thus -

outside the protection area. If large thresholds are chosen, however (perhaps 2 or more

miles), a significant amount of protection could be afforded in most settmgs.
l

Costs. The costs of d€V°l°Pm8 and lmplementmg a WHPA program usmg the arbxtrary‘ SRR
fixed radii method are relatively low. A minimum amount of data collectlon is requxred o

to draw a circular WHPA based on a distance crxtenon threshold. In addmon, WHPA's can
be delineated for a large number of wells ih a relatlvely short time. |

§.2.2 Calculated Fixed Radu .

Delineation of a WHPA usmg the calculated fxxed radlu method 1nvolves drawmg a“
circle for a specified TOT criterion threshold. A radius is calculated usmg an analytxcal )

equation that is based on the volume of water that will be dn_.,wn to a well in the specmed SRR

time (Figure #-3) o ‘
" The input data required by the equatron mcludes the pumpmg rate of the well and |

hydrogeologic parameters such as porosxty and hydrauhc conductxvxty ‘l'he tlme perlod oy

used is one cons:dered adequate to allow cleanup of ground-water contammatxon before 1t “

reaches a well, or that allows adequate dllutton or dxspersxon oi contammants. ‘

Advantages. The method is easy to apply and relatxvely mexpensxve, it requxres a hmlted R

amount of technical expertise. In addition, WHPA's can be dlellneated for a large number

of wells in a short period of time. Conceptually, it offers a sxgmflcant increase in WHPA-T“; - o

specific accuracy over the fixed-radius method. However, this approach requxres more

money than using arbitrary fxxed radu, since time and costs may be greater, and data h | -
must be developed to define the criteria thresholds and pararr‘ . ters used in the equatxon. B

Disadvantages. The calculated fixed radu method may be maccurate, since 1t does not S

account for many factors that influence contammant transport. Thxs can partlcularly be-
true in areas of heterogeneous and non-xsotropxc hydrogeology or where sxgmﬂcant"”

hydrologic boundaries are present.
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. WHPA Delineation Using the.

Calculated Fixed Radius Method -

LAND SURFACE

PUMPING
WELL

‘WHPA

[

-Radius (r) is calculated using a simple equation that incorporates
well pumping rate and basic hydrogeologic parameters. -

-Radius determines a volume of water that would be pumped from o

well in a specified time period.

* H = Open interval or length of well screen.
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cost: Costs of developmg and implementing a WHPA program usmg calculatedm flxed
radii are-relatlvely low. Some initial costs may be encountered in developing the critena‘ “ o
“thresholds and in hydrogeologxc data - collecnon. ‘l'he cost.m of ”actually mappmg the | |
WHPA's thereafter, however, is relatlvely low, in that a large number of WHPA's can be o
delineated with a small investment of tlme. In general, the calculated flxed radlusw
method is more expenswe than the arbltrary tlxed radlus method, because of more
extensive data requu'ements. | ‘ N . ‘ e
Example 1: Florida. The Florlda Department of Envnronmental Regulatlons (FDER)
_requires that Zone I of a WHPA be defined as a circle of a radius (r) calculated using a
volumetric equation with a 5-year time of travel criterion. Fxgure 4-4 shows the FDER

equation and an application to a well in the Biscayne aquifer in Florida. The volumetric
equation is shown on the flgure. , ‘_ |

Example 2: Vermont. As an addmonal example, Vermont used a calculated flxed radxus
equation to delineate WHPA's based on a drawdown criterion threshold of 0.05 foot
(Vermont Department of Water Resources, 1985). If pump test data are available for an
unconfined unconsolidated aquifer, then the radius of the primary zone of protection is
determmed usmg the ‘l'hexs ‘nonequilibrium equation (Theis, 1935) R

Where T= “ aquifer transmissivlty
t= . time to reach steady state , o
S= . storatlvity or specmc yleld of aqulfer | B

and u isa dimensxonless parameter related to the well functlon o

| _ ““ lhrTs ' :
Where S= drawdown at the maxlmum radlus of lnfluence ‘ o ‘ .

Q = pumpmg rate .

To calculate the radlus, the well functlon is calculated and u is obtamed Irom a table.
This value of u is then used to calculate the radius. | |

In the case of an aquifer in Vermont, the input data are “ o
T = 200 12/day -

= 1 day

0.02

25 gpm

= 0.05 feet

"o

m“o " -~
[[]
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Flgure 4-4

‘WHPA Delmeahon Using FDER Volumemcv Flow ;

Equahon for Well in Florlda |

"~ PUMPING
 WELL

r= |/ Qt 211381
TnH

WHERE

n = Aquifer Porosity = 0.2
H= Open Interval or Length of Well Screen = 300 ft
t= Travel Time to Well (5 Years)

{Any consistent systefn of
units may be used.)

Qt=n7Hr “

VOLUME VOLUME OF

PUMPED  CYLINDER

Q = Pumping Rete of Well = 694.4 gpm = 48, 793,668 ft3/yr o
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” subregxonal assessments.

and the radius of the prlmary protectxon zone is 315 ieet.‘ To provxde a more accurate
WHPA, this calculated radius is then skewed in the dxrec'txon of ground-water flow

4.2.3 Simpliﬁed Variable Shapa

" In the simplifled vanable shapes method, “standardxzed f ms" are generated
analytlcal models, with both ﬂow boundarxes and TO ’

large array of potentlal possibxhtles.‘ The approprlate " : dardxzed form" is th

selected for hydrogeologic and pumping condmons matchxng or similar to those found at |
the wellhead (Figure 4-5). The standardized form is then oriented around the well
according to ground-water flow pattems The variable shapes are calculated by ﬁrst‘
computing the dxstance to downgradlent and lateral exte“ of he ground-water ﬂow |

boundaries around a pumping well (1.e., the ZOC), and then using a TOT critenon to
calculate the upgradient extent. Standardized forms :tor va |
for dxﬁerent sets of hydrogeologlc condmons. lnput data ”
include basic hydrogeologic parameters and well umpin ‘

Advantages. Advantages of the snmphfled ‘va 1able
easily ~lmplemented once the shapes of the standardxz
requxres a relatwely small amount of ﬁeld data. ln addmon, relatively little techmcal
expertise is required to do the actual dehneatlons  Gene
required to apply the shapes toa partlcular well orwell flel

are delineated, are the well pumpxng rate; materxal type, and the direction of ground-
water flow. This method offers a more refmed analysxs than the fxxed-radxus method, ' ,
with only a modest increase in cost.

Disadvanmges. ‘l'he sxmplxﬁed varxable shapes method may‘ n
many geologic heterogenemes and hydrologxc boundar
problems if flow directions near a well differ from those-

Costs Costs of mxtxally developmg the standardlzed C




Fugure 4- 5

. 3; WHPA Delineation Using Slmphhed
A o Varlable Shapes Method |

STEP 1"DELINEATE STANDARDIZED FOVRMS FOR CERTAIN AOUIFER TYPE .

| Pumpmn Rate = ‘

. -Various standardized forms are generated
using analytical equations using sets of

~ representative hydrogeologic parameters.
-Upgradient extent of WHPA is calculated

- with TOT equation; downgradwnt with
uniform flow cquatlon

STEP 2: APPLY STANDARDIZED FORM TO WELLHEAD IN AQUIFER TYPE

Pumping Rate= Q'

WHPA

Standardized form is then applied to
. well with similar pumping rate and
,  hydrogeologic parametars
LEGEND ®
@ Pumping Well

l _ Direction of Ground-water Flow. ; S
' ' NOT TO SCALE




Example: Southern England. In England, the shapes of "standardized forms" used in the
simplified variable shapes method are developed using uniform flow equations (Todd, 1980)
and a TOT equation. The concern in Southern England is protection of the highly prolific,
«» high-flow Chalk aquifer. Areas are generated for various sets of representative
hydrogeologic conditions. The standardized forms are then oriented around the well
according to ground-water flow patterns (Southern Water Authority, 1985). :
- The uniform flow equations (subsection 4.2.4) are used to calculate the zone of
contribution to a pumping well. These equations describe the ZOC for a confined, porous
media aquifer under uniform flow and steady-state conditions. For unconfined aquifers,
thickness is replaced by the uniform saturated aquifer thickness, provided that the
drawdown at the well is small in relation to the aquifer thickness. These equations do not
determine the upgradient limits of the ZOC. Therefore, another technique is necessary to
close the upgradient boundary of the ZOC. The Southern Water ‘Authority in England -
utilizes a TOT equation. o o .

. The distance (rg) defining the ﬁpgradieht ei:tent of the ZOC is determined by
substituting a 50-day TOT criterion for ty and solving by trial and error the equation

ty = S|4 (eg-ry) + Zln (Z * ry)
X Vl: x-Tw 5__‘")'215(:"

where
Z = Q. L
- 2xn Kbi ‘ } ‘
‘ 1
where |
v = ground-water flow velocity
tx = travel time from point x to pumping well o
S = specific yield or storativity .
K = hydraulic conductivity | 1
b = saturated thickness , ‘ O
i = gradient ‘ | ;
Mw = well radius o . , |
Iy = distance from point x to pumping wel} . o .
+ = Whether point x is upgradient (+) or downgradient () from pumping well.

- Standardized forms, such as those shown in Figure 4-6, were developed using data
from approximately 75 different possible sets of hydrogeologic parameters with varying
pumping rates, hydraulic gradients, storativities, and aquifer thicknesses. When a WHPA
is to be delineated for each well, the standardized form that most closely matches the
pumping rate and parameters at the well is used. The standardized form is drawn over the
well in the appropriate direction of ground-water flow.,

i

C4el2 |




1 . R L Flgure 4-6 |
. Examples of Siandardlzed Forms of WHPA Delmeahon,
- Using Simplified Variable Shapes

(Example from Southern England for Cholk Aqunfers) |

Natural Springs ~_Pumping Rate <5 MI/d * Pumping Rate 5 to 15 MI/d

N
. Pumplng Rate >15 Ml/d o , . i
LEGEND . . ' DlRECTION OF GROUND WATER FLOW ‘
® Pumping Well ‘ . * :
SOUR¢E: Southern Water Authority, 1985
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4.23 Analytml Hethods

With analytxcal methods, WHPA's can be delxneated thrq

defme ground-water flow and contammant transport. ‘ The un'

M 1980) shown in Flgure 4-7 are often used to defme the area <
well ina slopmg water table. |

the use of equatlﬂ
m flow equations (Todd,

hthologxc contact, can determme the upgradxent boundary of the WHPA. Slte-specxﬁc
hydrogeologxc parameters are requxred as mput data for each ll at Wthh the method i

’l'he umform ﬂow model can be used to calculate distances that define the ZOC of a

‘well pumping in a slopmg water table, but generally ‘wxll not calculate drawdown, whxch |
determines the area of the ZOl. For flat water tables, howevc-r, analytlcal models can be |

| used to calculate both the ZOC and ZOI of a well because in ti cases boundan‘es of‘
the two could closely coincide (see Chapter 3) 'l'hese calculatxons can be performed with
the aid of computers. An assessment of available computer-assxsted analytncal ﬂow and“” “
transport models that may be appropriate for WHPA delmeation is included in van der
Heijde and Beljin (1987) An excerpt from the draft of thxs report is xncluded as Appendxx -
D to this document. |

Advantages. ‘The method uses equatxons that are generally easxly understood and solvedw
by most hydrogeologxsts and cxvxl engxneers. In addmon, it takes into account some site-~

specific hydrogeologxc parameters. It is, furthermore, the most widely used method, | “ }
allowing comparisons with other WHPA programs. Fmally, 1t 1s consxdered an especxally‘ §
valid approach for assessing drawdown in the area closest toa pumpmg ‘well. ‘ |

stadvantages. The methods use models that generally “do not take mto account
hydrologxc boundarxes (e.g., streams, canals, lakes, etc.), aquxfer
umform rainfall or evapotranspxratxon.

B O ‘ ‘: TN ““ C \.‘“V}VI‘ .

terogenemes, and non




Flgure 4-7

Wi | WHPA Delmeahon _Using the

' LEGEND:
® Pumping Well '

’

NULL POINT

‘Where: -
. Q= Well Pumping Rate
K = Hydraulic Conductivity
_ b= Saturated Thickness
i= Hydraulic Gradient
n=3.1416.

. Umform Flow Analytlcal Model
’ GROUND' ﬁ I
Q SURFACE _ |
ORIGINAL |/SLoPE=! -
PIEZOMETRIC " DRAWDOWN CURVE
SURFACE)/ B . | i T
~ IMPERMEABLE
R RN RN
-~ CONFINED b
— 'AQUIFER b
RS l\‘x\\,
@ IMPERMEABLE
-1 +Yy
, e
” : w = w
FLOW o|g =
LINES | ©wl=9
y[XL " EQUIPOTENTIAL LINES S(S&
. o | ©
¥ GROUNDWATER €2
' DIVIDE Y.
= K ) \_-
(b)
v_ 22K bi —__0Q y =% _Q
X ( Y) ,x'- 27Kbi; Lt 2Kbi |-
UNIFORM-FLOW DISTANCE TO BOUNDARY
EQUATION DOWN-GRADIENT LIMIT

. NOT TO SCALE

‘§ SOURCE: Todd, 1980
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for each WHEA. The data may be derived from pertinent local or regional hydrogeologic -

reports, .If reports are not available or more accuracy is desxred, data collection may
., involve site studies, including test hole drilling and pump icsts. | :

- i o e .
le 1: Massachusetts. A town in Massachusetts has applied an analytical method to
define a WHPA. The distance to the downgradient stagnation point and the envelope of
the area of contribution were calculated using the uniform flow equations, as shown in
Figure 4-8 (Anderson-Nichols & Co., 1985). The distance to the downgradient divide (X),

or stagnation point at the well, was calculated using the equation

X = 2—%1- = 1,167 feet

.
v . . . |

where | . o
Q = pumping rate of the well = 134,760 £t3/day | ‘
i = hydraulic gradient of the water table = 0.00125 |
T = aquifer transmissivity = 14,700 ft2/day. - |
The maximum width of the influx zone (Y) is calculated- using the equation
Y = 2 =733%feet. | |

The distance to the upgradient ﬁhit was set as the distance to the upgradient regional
ground-water divide, which in this case was equal to 3,800 ft. o ‘ \

Example 2: Massachusetts. Another town in Massachusetts delineates the key WHPA

zone using the uniform flow model to calculate the distance to the downgradient
Stagnation point and the envelope of the area of contribution (Horsley and Whitten, 1986).
The upgradient limit is drawn as the geologic contact between the unconsolidated aquifer )

and low permeability bedrock. L - L .

Exaniplc 3: Cape Cod. Distance-dra\vdcwh cur\)es, analytncal mcdel‘s,‘ and data on local
hydrogeology have been used to delineate WHPA's by the Cape Cod Planning and
Economic Development Commission (Horsley, 1983). An exarnple is shown below for a 1
MGD well; delineation is accomplished in a three-step process.

Step 1 involves identifying the distance to the downgradient drainage divide from
well by a graphical technique that involves the use of distance-drawdown curves (Figure
4-9). Three plots are shown in Figure 4-9. Plot A represents the sloping water levels
near the well prior to the start of pumping. Plot B represents the cone of depression
(drawdown) created around the pumping well. These two plots are used to construct Plot
C by substracting the drawdowns from the sloping water levels. The distance to the
downgradient divide is then determined from the shape of Plot C, the adjusted cone of
influence, to be about 850 feet. oo ‘ _ RO

Step 2 involves identifying the distance criterion threshold to the upgradien
drainage divide. The basis for this step is the Strahler prism model for ground-water flow
on Cape Cod (Strahler, 1966). In this step, the well is assumed to be drawing water from
the top 75 feet of the aquifer, which is 225 feet thick. Because the ratio of the well
depth to aquifer thickness is 1:3, the distance to the upgradient null point is assumed to
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‘Figure 4-8
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equal one-third the dxstance t_o the regxonal ground water divide, which is 10,500 feet in
the example (Figure 4-10). . ~

¢+ ‘Step 3 consxsts of outhnmg the WHPA. This is done by determxnxng the area:
required to supply ground water to a well based on the annual average ground-water
recharge rate.” Once the areais determined, it is drawn on a map using a planimeter and
the downgradxent and upgradient divides as guidelines.. The final WHPA delineation for
the well is shown in Fxgure 4-11. For this well, the area of the WHPA was calculated by
dividing the well’ pumping rate (1 million gallons per day) by the ground-water recharge

‘ ~rate (13 xnches per year), and the area of the WHPA was determmed to be 45,046,500 ft<,

4.2.5 Hydrogeolognc Mappmg

’ In many hydrogeologxc settxngs, flow boundary and TOT cnterxa can be rnapped by -
geological, geophysical, and dye 'tracmg methods. The flow boundaries are defined by -
lithologic variation or permeability contrasts within the aquifer. Geological observations

may provide surface indications of lithology changes, Awhic\h,will correlate with WHPA

boundaries (Figure 4-12). Surface geophysical data .can be used to map the spatial extent
or thickness of unconfined aquifers. | Hydrogeologic mapping may also (include mapp\ing‘r of °

. ground-water levels in order to identify -ground-water drainage divides, as shown in Figure

"“lao ‘

Dehneatxon of upland carbonate aquxiers having rapxd recharge into conduit karst "

:durxng storm events can be done xnmally by topographxc analysxs of drainage basin dxvxdes, '
v-rsupplemented by mapping the water table using water levels in wells and sprmgs.

Subsequent refinement of COhdUlt recharge patterns is possxble by 'using dye tracxng\ :

techniques, especxally during hxgh-ﬂow conditions. Under such conditions, sub-basins can * -

become mtegrated or even spill over ‘into other basins, reﬂectmg the complex nature of

- karst systems. Although less frequently reported in scxentlﬁc hterature, these methods
.can also be used to delineate recharge and ﬂow systems in non-carbonate fractured

bedrock aquxfers. :

‘Advantages. Hydrogeologxc mapping is well suited to hydrogeologxc settmgs dommated by :
- near-surface flow boundaries, as are found in many glacxal and alluvial aquxfers with high
,ﬂow velocities, and to highly amsotroplc aquers, such as fractured bedrock and conduxt- »
flow karst. ' ’ ' '

'stadvantages. "The method requires specialized. expertise in geologic and geomorphic

mapping, plus significant judgment on what constitute likely flow -boundaries. This R

‘method is also less suitedto delineating WHPA's in large or deep aquifers.
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. Figure 4-10
5 WHPA Delineation Using Analytical Models

¢ Step 2: Identify Upgradient Null Point
‘ Based on Strahler Prism Model
(Example from Cape Cod, Massachusetts).
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~ Figure 4-11
WHPA Delineation Using Analytical Models
Step 3: WHPA Delineation Using Upgradient
and Downgradient Null Point
~ (Example from Cape Cod, Massachusetts) -~
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Figure 4-12 o
WHPA Delineation Using Hydrogeologic Mapping
(Use of Geologic Contacts)
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WHPA Delmechon Using Hydrogeolog:c Mappmg
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Costs. ;Costs of developing and implementing a wellhead protéction program using

Pydrogeo?‘dgic mapping are variable. Costs may be relatively low if considerable data are

|

already available or if the general hY&ioggology of the ground-water system is known.

The particular type of hydrogeologic mapping technique used “w'iill also determine costs. In
gengijgl, geophysical teclmiqu‘es‘are_ the most costly, followed by mapping of geologic

contacts, dye tracing, regional water level mapping, and basin delineation using .

topographic mapping. Costs may be high if little hydroge‘ologiczuinf‘ormation is ‘a.vailabl"‘e in ‘ u
~ an area and if test'“holes and/or pump tests are necessary to confirm the ‘mapping. e

Example: Vermont. Vermont utilizes a method in which mapping of geologic contacts is
combined with simplified fixed-ring calculations (subsection #.2.2) (Vermont Department
Water Resources, 1985). In an example from Vermont (shown in Figure 4-14), a primary
protection area is delineated using hydrogeologic calculations while a secondary area is:
delineated with hydrogeologic mapping of the well's recharge area. Hydrogeologic
mapping in this case is based on physical boundaries and the prevailing topography, with
“the assumption that shallow local ‘ground-v‘/a“tqr flpm mir o

[N LI L
‘[Hydrogeologjic‘:wmapbing has also been used to delineate parts of WHPA's in a town in
Massachusetts, where the upgradient extent of the WHPA is formed by the regional
ground-water divide, as shown in Figure 4-8. . .
Other Hydrogeologic Mapping Tools o
Tracer Tests. Tracing techniques can be used to map underground conduits by injecting
stream that flows into ground water syspg;tgd to flow to the supply source for which the -
WHPA is being delineated. Water from the supply well or stream is then monitored and/or
observed for a permd of time that is adequate for the tracer ch the supply. If the

tracer is detected in the supply, "the“éou‘r‘cé“ f‘rbm‘ whrich‘ thé tracer was i'nject‘ed‘b“ecgmgg‘ S

 be used as tracers to
nown,

~ part of the WHPA. Existing ppntaminan;ﬂﬁ mground wa r'C;
delineate flow to water supply wells. If the source of
the information can be used to better unders

specific sources of water in the well,

and ground-water flow in the area, and the_

. Example: Kentucky. Dye tracing has been used to delineate ZOC's to water supply
springs in Kentucky (Quinlan and Ewers, 1985). In the example shown (Figure 4-15), the
ZOC to a spring supplying a town differs from a ZOC that would be interpreted from
observing topography and mapping potentiometric surfaces. In this example, although the
- spring was hydraulically downgradient from a contaminated pond, dye tracing revealed

~that the spring would not be affected. o ’

- Geophysics. Surface geophysical techniques have also been applied in aquifer mapping ...

investigations. These techniques measure the surface response of subsurface el§s‘tic,

[y
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" WHPA Delineation Usmg
‘Hydrogeologlg Mapping
(Example from Vermont)
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Figure 4-15

%“'WHPA Delineation Using Hydrogeologic Mapping:

Dye Tracing (Example From Kentucky)

600~ Potentiometric surface . =~ Sinking stream

wsmesP- Traced flow route o o @ @ Inferred ZOC of spring A based on
®  Sinking spring * mapping of potentiometric surface
—~~0 Spring-fed stream A Municipal water supply spring
= |Ntermittent stream | amenapinferred direction of ground-water flow

Sinking stream B was found to not be in ZOC of spring A,
aithough this would be inferred from potentiometric surface.

L 4

Modifid from Quinian and Ewers, 1985 ’ , NOT TO SCALE
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denslty, electrxcal, or magnetlc contrasts. ‘l'he resultmg subsurface mterpretatlons can

provide mfo:matlon on the htholognc and hydrologlc characterlstlcs of unconfmed aqunfer
syStems. ' ’

‘l'he nature of the hydrogeologxc settmg determmes the applxcabllxty of a partlcular B

. geophysncal method. In. many ground-water studxes, several different geophysncal methods

are applied to the same survey area. In general, the selection of a geophyslcal techmque,

depends: on: the physical nature of the survey area, the desired depth of penetrauon, the
' data resolutxon requxrements, and the avaxlable resources. :

¥

Geophysncal methods model the subsurface envxronment accordmg to sxmphfymg

. assumptxons. Subsurface mterpretatlons are generally xmproved when information from
test bonngs or observatxon wells are available to constrain the data sets. One common
strategy is to use surface geophysxcal data to correlate between ‘boreholes or to.

extrapolate borehole information into new terraxn.‘ In these surveys, surface geophysncs
functnons as a rapid, mexpenswe alternatnve to test drxlhng.

WHPA delineation programs can use surface geophysxcs to map the subsurface
boundaries in unconfined aquifer systems. In these boundary delineation studxes, seismic

refractxon and electrlcal resnstnvxty techmques have been apphed most consistently, with .

gravxty and magnetxc methods having only secondary applications. - However, recent

technologxcal advances have resulted in the development of new’ techniques that have -
ground-\vater appllcatlons. Table %-2 summarizes some of the techmcal characterxstlcs, -

Vapplxcatxons, advantages, and limitations of the geophysxcal techmques ‘that have beéen

used ‘in ground-\vater xnvestxgatxons, based on a report by the Office of Ground-Water

Protectlon (1987).

Age Aseesment (‘l’rntmm). An mdxcatlon of recent leakage or paths of rapld recharge into

a confined aqu1fer is the presence of tritium in concentrations greater than atmospheric '
background, a consequence of the presence of post-l95l# tritium from atmosphenc testing
" of nuclear weapons. In precxpltatlon, tritium from cosmic ray bombardment of the upper

atmosphere has a quxte low concentration and is variable with latxtude, season, and local

f meteorologlcal parameters. Thus ground water from atmospheric precnpxtatxon prior to

1952 has quxte low concentratxons relatxve to the enhanced levels subsequent to 195#.

The presence of tritium in ground water at higher concentratxons (unless it results”
- from radioactive waste dxsposal) can be used to determine roughly ground-water age and
ongm. In confmed aqu;fers, for example, the existence - of leaks in pathways could ‘be
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A

determined ,and the extent of WHPA's could thus be modified accordmg to the locatlons of

such pathwaYs. Ground.water is frequently a mxxture of waters of dlfferent ages and

souf'ces, which can complxcate age-determmatlon of the major portion of recharge. o
Because leakage into a confined aquxfer can short-cxrcuxt into ground water from other
~ recharge paths, water havmg a much greater 1sotop1c age (as can be measured by carbon'

14 datmg) may be present also.

. ‘l'rlchlorofluoromethane (CCl3F) is of anthropogemc origin and has been in the
' atmosphere for about fifty years. It is an addltlonal possible tracer of leakage into

‘confined aquifers (’l'hompson and Hayes, 1979), although it does not have well-defined

- chemical and physical behavior during ground water flow as does trmum. CCI5F is
sub)ect to adsorptxon and desorption phenomena that affect its concentratlons in ground .

water (Russell and Thompson, 1983)..

It appears that detectxon of sxgmflcant tr1tum concentratxons m confmed aquxfers

may be one of the most expedxent initial methods of evaluatxng the leakiness of conﬂmng ,
strata in the short term. It must be kept i in mind that mere leakmess of an aquifer i is notf
equxvalent to fmdmg contamination by a pollutant, merely an mdxcatxon of the existence o ‘
of a possxble pathway should a contammant subsequently be mtroduced to that part of the

flow system.
, 4.2.6 Numerical Flowl‘l'ransport Models

WHPA's can be delmeated usmg computer models that approxxmate ground-water

flow and/or solute transport equatxons numerically. A wide varxety of numencal models is -

presently available both commercrally and through orgamzatlons such as the u.s.

' Geologxcal Survey (USGS), Holcomb Institute's lnternatlonal Ground-Water Modelxng “'

1

‘Center (IGWMC), and the National Water Well Assocxatlon (NWWA)

' Numerical flow/transport models are partxcularly useful for delmeatmg WHPA's ‘ _
where boundary and hydrogeologxc conditions are complex.r Input data may mcl_ude such
hydrogeologic parameters such as permeability, fporosity',v specific ‘yiel'd, saturated -
thickness, recharge rates, aquifer geometries, and the locations of hydrologic boundaries.

Solute transport parameters such as dispersivity may also be incorporated in these models.

Dependmg upon the size of the area to be modeled ‘and the number of cells or
elements, these models can be run on a mamframe or mxcrocomputer.v lntermedxate-type

models that use combmatxons of analytxcal methods to generate head field distributions
and numerical methods to generate partncle tracing maps are also avarlable., Such models

may not account for all boundary conditions at a site, however.
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Crlterza such as drawdown, flow boundanes, and "l'OT may be mapped -using

numerxoel methods, typically in a two-step procedure. Fxrst, a hydraulxc head field
** distribution is generated with a numerical flow model under a prescrlbed set of
hydrogeologic parameters and COﬂdlthﬂS, and with a selected flow boundarxes criterion to
determine the extent of the modeling domain. Second, a numerical solute transport model

that uses the generated head field as input calculates the WHPA based on the preselected .

criterion. Flgure k-16 illustrates a_flow chart of some typical components of this
procedure. Some xnformatlon from a draft report on available numerical models that may
be appropriate for WHPA delmeatxon
' Heijde and Beljin, 1987) An additlonal, useful ‘guide for model selection is provided in a
report by the EPA Office of Research and Development (1987)

Advantages. Thls method provxdes a very hxgh potentlal degree of accuracy and can be

applied to nearly all types of hydrogeologxc settmgs. ‘The models can also be used to

predict the dynamic aspects of the WHPA such as changes in the size of the WHPA

resulting from natural or man-caused effects. Specific

associated with mdwndual models are revxewed .in the report Model Assessment for

WHPA Del.meatxon" by IGWMC (Belpn and van der Heude, 1‘98 7). . 1, o

Dlsadvantages. Costs for thxs method are usually relanvely hxgher than others.
Consxderable technxcal expertlse in hydrogeology and modeling is required to use this
method. However, the cost may be warranted In areas where a high degree of accuracy is
. desxred. Due to hmxtatnons on model grld spacing and density, numerical models are less
sultable than analytical methods in assessing drawdowns close to pumping wells. For this
reason, WHPA delmeatxon in The Netherlands in recent years has focused on combining

analytical methods for the near-ﬂeld and numerical models for the bulk of the protectxon ‘

area.

TN
1

Costs. Costs of developmg and lmplementmg a numerxcal model to delineate WHPA's can A

be relatively high, ~depending upon the -availability and _quality of data, the number of
wells, and the complexxty of the hydrogeology.‘ However, if adequate data bases exist and
the hydrogeology of the area is known, numerical models can be cost effective.
Numerical modehng can also be less expensxve i relatxvely _homogeneous hydrogeologxc
conditxons exist and extenswe data 1nput is not necessary. In this case, a large number of

"default valuesm for some of the hydrogeologic parameters can be ‘used, while using
hetter-known values for the more sensxtxve parameters.

included as Appendix D to this report (van der

ges and disadvantages
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Flgure 4-16
Slmulahon Procedure Used in WHPA
1 s o W .Delmeahon with Numerical Modeling
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Example: Florida. The Counties of Broward, Dade, and Palm Beach in Florida use
numerical ground-water models to delineate WHPA's. Figure 4-17 shows a map with the
Jnumerically generated 30-day, 210-day, and 500-day TOT's (hased on the multiple WHPA
zone approach) for a well ireld in the Biscayne aqulfer. |

43 'WHPA nax.inunon uamoo cosrs j‘ |

Estimates of potentlal costs for each of the
shovm in Table 4-3, These are rough estimates on a per-well b
and level of ekpertrse requxred for each method. The ta
overhead costs that may be encountered‘w’i e
not ‘been assxgned to overhead. Labor
on a survey by the National Water Well Assocnatloﬁ on salarres of ground-water scxentrsts

in the United” States (NWWA, 1985) ‘l'he costs are expressed in umnflated dollars.

. the WHPA program, possibly alded by consultlng firms,

@

| relatively available, although some data collection a,,d“ s,_.a,cmng may be
required. | :

Manhour requirements for each method have been pro;ec*ted in ranges of hours. The e z |

higher end of the range may apply if a relatively large amountﬂ_ of data collectlon ?s
: requxred or the data are not readlly avallable. lt may also apply 1f the personnel are
unfamihar thh WHPA dehneatlon methods ”andlor ‘

of manhours may apply if data are generally easxly available and/or the pc-rsonnel domg : N
the delineation are familiar with and have used the delmeatnon methods. For estxmates in_ . !
Table #-3, it was assumed that the average annual salary estunated from that\ survey “was

then estxmated from that frgure. ﬂ

Potentlal overhead costs mclu‘
computer hardware and software, and the c‘
including typing and creatmg maps and ilgures. ln general, if manyhof these 1tems are
already available to the agency or organizatlon domg the delmeatnon, potentral overhead




‘% -7 Figure 4-17 | S
‘Numerical Model App]itation to Biscayne Aquifer Well Field
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!v‘

R costs become‘ less sxgmflcant. 'l'hese ﬁgures do not reflect costs for consultmg firms ., o
potentnally en,gaged in this - work. lt should be noted that .the greatest expenses are .
) yplcally related to data acquxsxtlon, and these are clearly State- and WHPA-specxﬁc. '

4.4 WHPA COMPARATNE ANALYS!S

3

Once a desired criterion and crxterxon threshold have been selected, one or more

R WHPA delineation method(s) will be. chosen to "map" the. cnterlon. To aid in method
| selectnon, a comparatxve analysis of delineated areas resultmg from different methods
may be performed. Results of this comparxson §hould consider relative accuracy, ease of v
'rmplementatnon, and costs. For example, ifa fxxed radius method were being considered
' for delineating WHPA's in an entire State, a comparative analysxs for a limited number of
wells using more sOphnstlcated (and presumably more accurate) methods could help -

determine if the simpler and less costly method provides adequate results. Examples of

“ comparatnve analyses of WHPA delineations done for actual wells in several locatxons are -
~described in detail in Appendlx B. . ' ‘

Two approaches can be used in WHPA comparatnve analyses. One approach is to

~ compare areas of protection that result from applymg the same method of dehneatnon to
- different hydrogeologxc settmgs. A second approach is to compare areas of protection

that result from applymg different methods of dellneatlon to the same hydrogeologlc

- . setting,

Wxth any analyszs, a basic assumptlon is made that there xs one method that prov:des

results most xndncatxve of actual condxtxons. _Once the varlous areas have been delmeated

‘in the comparatxve analysis, the tradeoffs of accuracy versus costs versus speed of
implementation, can be more tully consxdered in any gwen State or hydrogeologxc settmg -
“  withina State.

Figure 4-18 conceptually mustrates the effects of accuracy on the degree of
protection and ease of 1mplementatxon. I the area delineated by a method is smaller than;

that delineated by the method assumed to be the most accurate, under-protection | may

* occur. This may result in possible degradatlon of water supplles. 54 the area is too large
relative to the accurate method, over-protectlon may occur and result in 1mplementatxon -

: problems. The common European "rule" for determmmg the extent of WHPA‘s 1s "as large
 as necessary, as small as possible." '
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i

- 8.5 METHOD SELECTION CONSIDERATIONS

" The amount of effort requxred to select a method is largely reduced once the desxred
criterion has been selected. " “That is, the method selected must be suitable to map or o
' delineate the. selected criterion or criteria. For example, if the criterion selected is
distance, then the only appropriate methods- to map distance are arbitrary flxed radii and -

hydrogeologic mapping. Table 44 shows ‘the suitability of each method to map each
criterion. A detailed technical discussion of the approaches to selecting analytical or

numerical models (either two-dimensional or three-dimensional) for a typical glacxal,'

stratmed-drft, rxver-valley aqulfer in New E.ngland is provided by Morrissey (1 987)

As in the case of crlterxa selection (Section 3.4), choosmg a method depends on

' various technical and pohcy considerations. -The choxce of method is tied less to the

protection goal, however, than to the accuracy of dehneatnon desxred, and the financial
resources avaxlable for delmeatxon. '

8.5.1 ‘l'echmml Consxderatnons

To gunde the States in the process of selectmg a method, a matrix of techmcal :

evaluatxon factors versus methods is presented as Table 4-5." The matrix is blank to allow
the States or local agencles to ‘assign ‘their own rankmgs accordmg to sxte-specxﬁc
condmons. An "H" (High) rankmg 1mplles that the method is relatlvely useful or
beneficial in satxsfylng the technical conslderatxon. The factors that mxght be used to

evaluate the method are described below. Understandxng the basis of the method and the .

input data requxrements, applymg the method, and evaluatmg the method's results are all
significant conmderatmns.

Extent of Use. v It is useful to 1dent1fy how commonly the method is used (e.g., whether 1t-

is presently used by regulatory agencxes or is in the process of bemg adopted)

Sxmphcxty of Data. The amount and types of data requxred for method application are

quite s1gmf1cant. The data requxred may be site-specific (x.e., developed specmcally for
method apphcanon) or regional (x.e., approximate and already avanlable) )

‘Suitability for a Gnven Hydrogeologic Setting. An’ important consideration is the
ca_pability of a method to be applied to the 'hydrogeologic setting in the State. It may be .
important to evaluate how'suitable the method would be to incorporate the 'effects of
. “sources" and "sxnks," boundary condmons, variable aquxfer parameters, and other
" technical factors. ‘

L 837
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Accuracy. It is important to consxder the degree to which the results from method
applxcation can be expected to compare with actual fneld conditions. : .

8.5.2 Policy Cmslderatsons

To aid in the process of selectmg a method an evaluation matrix of methods versus
policy considerations is presented as ‘l'able 4-6. The matrix has‘been left blank, so that an
approp riate ranlung of each method may be made bY a State or localrty m ltS selectnon o
process. The pohcy consxderatxons are descnbed below. “ - -

Ease of Understandug It is 1mportant to consxder the deg ree to Wthh the prmcxples
‘”‘dﬂ'lyﬂ'ﬁg the method can be readily understood by nontechnn,al people. o

Economy of Applicat:on The relative cost 1ncurred in applymg a method to one well‘head, ‘ | | ‘ |
well field, or the main fields in a State may ‘do much to inhibit or encourage 1ts use.
Factors that may affect costs include data acqunsmon, professional labor, computer tlme,“ R
graphics, and reporting,

: . . d o w . w o 1 ' ' {\ : K
Defensibility. Enforcement and permxttmg consxderatlons wxll requxre that the boundanesﬂ
of a WHPA be clearly defined and defended against potentxal challenges and lmgatlon o

from parties affected by the delmeatxon.

Relevance to Protection Goal. As ment;oned m subsectlon 3.3.1, WHPA delmeatlon wzllw‘
reflect an overall pollcy/protectxon goal. The relevance to tlms goal of the methodology B
under consideration by the State is a key factor in program su ess. -
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CHAPTER B

C s,

e EXAMPLE OF. CRITER!A AND METHOD SELECTION

-,

An example of the steps that a regulatmg agency mlght consxder in a WHPA .

delineation is provxded in this chapter. ' The example is not meant to be the only

: appropriate procedure. ' The approach eventually selected must reflect the speclflc
o protection goal and other technical and policy considerations that a State might use 1",'

meetlng the requlrements of the Safe Drmklng Water Act.

Vanatlons and dlversmes exlst in both hydrogeologlc settmgs and State regulatory-

programs in the Unlted States. ' Certain _programs may find that thexr environmental
policies and resources lend themselves to one. procedure, whlle those elsewhere make
another approach more suitable. Consequently, numerous issues should be thoroughly

examined and evaluated. These mclude water supply well construction regulatlons and

practices in use; orgamzatlonal and mstltutlonal capabxlmes of State and local agencxes
'to provide approprlately skilled personnel, equxprnent, materlals, and lmplementatlon‘
- funding; and type and complexlty of the hydrogeologlc settlngs -in the State. A careful

examlnatlon of these matters will greatly fac:llxtate selection of‘ the most appr;oprlate'

-delineation criteria, methodologies, and strategies for implementation. Guidance on these
management-related issues is provxded in other resource documents prepared by EPA.

The example of the criteria and method selection process for the hypothetlcal State
- is orgamzed in the followmg manner:

Y Descrlptlon of the WHPA delmeatlon problem '

e 'Evaluatlon matrlces for degree of protectlon, technical. and - policy

. " ' consnderatlons
° ‘Summary of fmal declsion reached by the hypothetical State.
5.1 PROBLEM ST ATEMENT. THE HYPOTHETICAL STATE

a ‘l'he hypothetxcal State is estabhshmg a, wellhead protection program under the

. “SDWA. A panel of experts has been. estabhshed thh both" techmcal and nontechnical

expertise. The panel‘s work was conducted under the iollowxng assumptlons, developed by
prevxous State planmng and research' ‘

i . Aquxfers requmng the greatest protectlon are mostly unconfmed aqu1fers
' compnsed of unconsolldated sands or sands and gravels.

51
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' Certain industnes will be affected by the Wl-lPA program, and the threat of .
R htlgatnon has been raised. The technical basis of the WHPA delmeatlon
¢ : program may, therefore, be challenged.

ARIEENER IR M EETENIRERA i ‘

o Itis esti mated that avaxlable techmcal personnel 1rom“State agencxes will be

HPA's in an expedient

that the goal of WHPAW -
delmeatxon wxll be to provxde management of the well-ﬁeld area. Itis . .
expected that three dlﬁerent protectxon zones wxll be estabhshed to protect .,
against each type of threat (physu:al, mncrobxal, am:l chemlcal) These wlll be L
labeled Zones L, II, and 111, respectxvely.

b APPFOXImately 900 wellheads wxll be in the flrst ph.ase for delmeatnon relatlve o
to chemical threats (i.e., Zone IN). L

® A program to inform the general public of the deve lopmg wellhead protectlon
efforts will be implemented. ~

° The State, in cooperation thh county and local agencnes, has the authorxty to

impose land use controls’ thhm the zones,
5.2 EXAMPLE OF CRITERIA SELECTION
S2.1 Overall Protectmn Goals

As noted in the problem statement (subsectnon 5.3.2), mo' of the aquxfers requxrmg‘ o
protection in the hypothetxcal State are unconﬁned, porous ‘med R
the panel evaluated the technical merits (subsectlon 3.4.3) of the delineation criteria, o
focusing primarily on the 900 hxgh-prxority wells. The completed evaluatlon matrix is

illustrated as Table 5-1. B “ ‘ L 1
Based on this evaluation, the panel decxded that the crltenmn proyiding the strongest .

technical basis ior WHPA dehneatxon was TOT, thh a threshol

lia umts.‘ Based on thlS, o

alue of 15 years. The




‘uoua)Iy payoajes
wam<o_._&< ...oz V/N

B . HOIH - H
) - v : _, B LT _ e - NNIA3N- W
© 9IqRJISIP I583) | | ‘9|qe1iSap IsOW ) G 1(G-1) Bupjuey :3LON R ~ : MO -1
€ , T B . | S B . | , | U Aldvavd | -
i ‘ W _ HW : H : AL H : 1 1 AAILVYTINISSY
. 1 ) | ) PR - : o - $31YVANNOS
oW HW | VN H | W | wWN | oW Saiuvamnat

.. B H wVN bW H w | w~moamvua
L 1 -1 VIN H K L W | W - 3ONvisia
HIWA WA WA | WWA HWY | HWA “HIWA
: -ONILL3S | auvanvis | : , _ . .
$3SS3004d | 21907 | W3LYM snoiuianoa | ‘ 1 VIH3ILIHD
TVIISAHd | -03DOHAAH | -ONNOHD | NOILVOKAI | quniov NOILVD NOIL
(SOL1) BIVHOJHOININIAIOV HO4| 1037434 . | -HIA QT34 | w3gnn | -14IINVAD | -vorildav |
¥NVY | OL ALINGV |ALINGVLINS [ OLALINGY | 3403SV3  |ALGVINVA| 303sv3 - | d403sva z_w%unwm»mzo

.o_quxu m_c.m _uu._w.__oa.:.. 8y} 104 DIpay m:o.o._ T ._wb_:_u< a|qo} ..w.o>>~
m:o:o..ﬁv_m:ou [PAUYR3) snsidp uolpajag DUBIL) <.=._>>

. Corseer o




relationships between the TOT criterion (and the other Cﬂteﬂd.) and each of the technical I
consideratxons are summarlzed by the rankmgs m ‘l'able 5-1 and are detailed below.

Ease of Applicationp Ease of apphcatlon was not. 3udged tobea significant lmpedlment in-
“the hypothetical State. The State's techhical stafi was deemed capable of understanding l

and applymg TOT information as a delmeatzon criterion. Th cug ,
relatively complex (rated "M" in the matrlx), the panel deter mmed 1t ‘to be withm the -

State‘s capabilities and allotted time.

Ease of Quantifxatwn. Although ‘l'O‘l' 1s more dxfflcult to quantify than other crltena,

(Zone III) Most water purveyors purchase the land 1mmedxat<ely contiguous to the well,
typically up to 100 feet 3‘"3)'9 Wthh effect.wely dehneates Zone l) R | - !

Varjability Under Prevailing Condmons The panel recommended that the W1HPA
delineation effort should accommodate future changes in pumpmg patterns. The panel
concluded that selected crxterla should allow adjustments to the size of 'the WHPA to
allow for the effects of future mcreases m pumplng rates,‘“ma ‘ll'OT cntenon wxll allow for
this adyustment. The pro;ected maxlmum pumpmg capaci isti
drought conditions will therefore be factored mto “t

expand the WHPA‘s m the near future. ‘ ‘

sites. ‘
hydrogeologlc condmons m the State.

Ablhty to Reﬂect Ground—vater Standards. | ‘l'he panel

State could be pr cted by thls cntenon. ‘




LRt

Smtabl.hty ior Hydrogeologxc Settings. Use of a ‘l'O‘l' crxterlon to delmeate WHPA's ina
. water table aquxfer in porous medla was deemed appropriate, since. most. of the]
approaches developed to estimate TOT's are based on assumptlons that are generally met . .
in these aquxfers within the State, - : :

"Ablhty to lneorporate Physlcal Processes Most physxcal processes mvolved in the
transport of contammants ina porous ‘media aquifer, such as advection and dispersion, are
mcorporated in TOT. ‘l'hls cnterxon is thus quxte apphcable for thls type of aquxfer.

t 523 Policy Conslderatxons

, ‘l'he hypothetlcal State's panel also evaluated the five criteria with respect to
. several pollcy conmderatlons and a composxte rankmg was estabhshed as illustrated in
Table 5-2. For these cons;deratlons, a ‘distance criterion was actually )udged to be "
. ‘somewhat superior to TOT. The panel's rationale for this ranking is discussed below,_ and

. the resolution of this lssue provxded in subsectlon 5.2.4.

Ease of Understandmg ‘The ablllty of the general publlc to understand the crlterlon was '
considered important. Distance was judged to be the easiest to understand ("H" ratmg on.

‘the matrlx) However, it was believed that more techmcal concepts such as TO‘l' could be
| explalned to the public.

| Economy of Criteria Development. Development of a dxstance crlterlon would be very
‘ economical. However, the panel concluded that, were this- crlterlon ultimately selected
~ for the State, the threshold values selected should have some. SClentlflC basis. It was also
' consxdered de51rable to be sornewhat "over-protective" (l.e., larger dlmensmns), given the
problems w1th the SClentlflC basis. Implementatxon problems due to extension of '
' .regulatmg authority over large geographlc areas were a related concern.

Defensxblhty. The panel was concerned by the lack of technlcal )ustlﬁcatlon for 'a
distance criterion. Since the thresholds required to provxde adequate protection would .
: llkely be overly "conservatlve" (i.e., overprotected), challenges from affected partles
" were consxdered possible. ‘ ' '

Usefulness for lmplementmg thmg ‘l'he panel concluded that the distance criterion -
would be very useful for the State as an initial step ifa phasmg approach were to be used. "
In a few years the State could move to a more sophlstlcated criterion. However, phasing
-had already been ellmmated to avoid enforcement problems and the’ dlfflcultles of

. defending arbitrarily determmed areas. ' o .

¥
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A

Relevance to Protectnon Goal. Given the hydrogeologxc settmgs in the State, and the -
other assumptmns outlxned above, most cntena were acceptable. The key decision was'

: beh‘bved to be the selecuon of cnterxa thresholds.

| 5.2.% Summary of Panel's Decision on Criteria Selectxon

"The example ior the hypothetlcal State nlustrated can varlous consxderatxons affect
the ultimate selection of criteria. A T OT criterion was eventually chosen after weighing

~ technical and pohcy consxderatmns together. ‘Though policy issues might have led to the

selection of dxstance asa crltenon, TOT was rated nearly as. hxgh. The decldmg factors .

for this State were the concern over legal challenges, the relatlvely Ysimple"

hydrogeologic settings (enhancing the utility of "TOT), and the fact that technical
resources in the State were deemed adequate. Therefore, the ultimate decision was to -
select a TOT cnterxon ‘as the basis for WHPA delmeatlon. The State established a )
rmmmum of 15 years TOT as ‘the threshold value. Mumcxpahtxes and countxes were urged .
to adopt more protectxve thresholds (e.g., 20~ to 50-year TOT‘s) where feasxble. ' '

'5.3  EXAMPLE OF METHOD SELECTION | o

This section presents an example of how the panel‘?of experts from the hypothetical o

State evaluated the cﬁoices of available methods. for mapping WHPA's. Given the panel's :

prevxous recommendations on WHPA criteria, evaluations and rankings were only made for
methods that could map a TOT criterion (Table l5-3) ‘

)

The panel agam assessed the choices thh respect to both techmcal and polxcy

- Tconsxderatlons. The four methods that would map the selected criterion (TOT) were .
evaluated with respect to technical evaluation factors, described in subsectron 4.5, 1. The
results of their rankings are presented in Tables 5-3 and 5-4. As shown in these matnces, o
the panel preferred analytxcal .flow and transport models. The techmcal reason for this o

method preference was based largely on the absence of flow boundaries near the pumpmg
wells. If the effects of boundanes on WHPA dehneatxon had been consxdered, ‘the panel

‘would have ranked numerncal ilow/transport models lugher than the selected method. An

additional factor mﬂuencmg the panel's rankmg was the conclusions: .obtained by the State

through comparative studies of WHPA delmeatxons, performed at a few selected test

sites. These studies indicated that the results from analytxcal ﬂow/transport models

" correlated well thh results from the more sophxstncated methods (such as numerxcal
v ﬂow/transport models and hydrogeologxc mappmg) Therefore, the less complex and more_
i economical method was selected. ' \

- 5-7
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From the standpomt of pohcy consxderatlons, and m“partxcular relevance to the
protection goal, analytxca.l models were clearly pref

w4 % 13

.platter, if used for a.ll wens, would be prohxl;iﬁvely ex
:trom meeting its statutory responsibmties. )

uld prevent 1
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L | | APPENIDIX A |
oo |
U wHPA DELINEA‘HON APPROACHES

‘l'here are many examples of wellhead protection programs in the Uruted States and
' Europe. 'The structure and scope of these programs vary and reflect dlffermg

| demographlc, political, and hydrogeologlc conditions. Some states and mumcrpalmes have.

developed wellhead protectlon as part of overall ground-water protectlon programs. The

~main focus of these programs is the dehneatlon of wellhead protection areas that impose -

land use controls to protect public water supply wells.
A.l S‘l' ATE EXAMPLES

‘ As part of EPA's research on wellhead protectlon, numerous state programs were K
examined for techmcal aspects of their WHPA delmeatlon effort. Six common methods_’

for WHPA dellneatlon were ldentxfled, as well as many specific techmques for applymg

o them to local sxtuatlons. These - methods are llsted together w1th assoc;ated crlterla and

, locatlons where they are apphed.

The methods identified in Table A-l range in sophxstxcatxon from those that can be

. apphed by. non-technical professsonals (e.g., arbltrary fixed radius) to very complex

methods that require techmcal specialists (e.g., numerical flow/transport models). The
- followmg is a brief review of wellhead protection activities in four selected states. While o

not exhaustlve, this revrew gives an mdlcatlon of exlstmg State and local programs.
A.l 1 State of Flonda |

Several of Flonda's County governments have sophisticated :'ground-‘water protection

programs. The State has also passed amendments to Chapter 17-3 of the Florida -

Administrative Code that. establishes a State-wnde wellhead protectlon program for

vulnerable aquxfers. The program ‘would require . wellhead protectlon zones to restrict

activities that could contaminate the ground water.

‘The proposed law establxshes two protectxon zones around pubhc drinking water
: supplxes that have an average dally withdrawal of at least 100,000 gallons of ground
‘water. The zones are defined as' two concentric areas around the major publxc water
supply well(s) or well field(s) of 200 feet and 5 years ground-water travel time,
respectively. The 5-year TOT zone is defined with an analytical volumetric equatlon,

_concept explained i in Sectlon 4 and Appendxx B. ‘ - \

| L]




Arbitrary Fixed Radius

Calculated Fixed Radius
Simplified Variable Shapes

Analytical Flow Model

Lo TN
Geologic/Geomorphic

Numerical Flow/Transport
Model

* Criteria
Reliedon

* or being considered

State WHPA Delineation Methodologies and Criteria

~ Distance

Distance &

- Time of Travel

Time of Tr;vel
Drawdown

Drawdown

.Physical Features

. ‘ . v el . P
Physical Features o

Time of Travel

. Drawdown

~.Locations :
Where Used* ‘

Southern Englaﬁd

Selected

dgartown, MA~

Cape Cod, MA
Duxbury, MA
dgartown, MA

Dade Co., FL
Broward Co., FL
B F
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Wlthln these concentrlc zones, dlscharges into the ground-water from stormwater

systems, underground storage :facrlmes, underground product pipelines, and other sources -
are subject to varymg degrees of control dependmg on their proximity to the wellhead. .
For example, the proposed law prohibits new drscharges and new installations within the ',
200-foot zone of protectxon. Within the 5-year zone of protection, new drscharges from

several types of facilities are subject to control ‘and momtormg requrrements. New

- discharges of industrial wastes that contain hazardous constituents-are prohibited and new
" discharges of treated domestlc waste eﬁluents are allowed, provxded a number of
' condmons are met. ‘

" AL2 Dade Comty, Florlda

Dade County has developed a comprehenswe wellhead protection program,
onszstxng of five elements: water management, water and wastewater treatment, land
' use pollcy, envxronmental regulatnons and enforcement, and public awareness and
: involvement. The program applies to an array of prohibitions, restrictions, permit
requirements, land use tools, and management controls designed to protect all of Dade -

County's public water supply wells from contammatlon by the approxxmately 900

substances which the County has xdentmed as hazardous. Features of the program

mclude. ‘

e Dehneatlon of recharge areas around wellflelds usmg numerlcal computer‘

models with some in-field vermcatlon through momtormg of head
B relationships ‘

,. Apphcatlon of land-use restrictions within the recharge areas and the
desxgnated wellﬁeld protection zones ‘

_®  Public education programs
° Establishment of water treatment programs

o Development of water management and pollutant source control regulatlon.

‘ Where the State of Florlda defines two concentrlc protectnon zones, ‘Dade - County -

establishes three.. 'l'he inner two are delineated as 30- and 210-day TOT's. The outermost

zone is the larger of elther a 500-day TOT or a 1-foot drawdown. The largest WHPA,

approxxmately 7 mlles across, is assocrated Wlth the Northwest Wellfleld.

. A-3




Furthermore, Dade Gounty mamtains a computerized inventory of contammant
Jources, and issues approximately 10,000 operating permits per year to recogmzed,‘
nonresidential users within the delineated wellfield protection zones. :

The Commonwealth of Massachusetts does not requxre e-xtenslve WHP (except for

microbial threats), but does incorporate the concept as an option, and fosters it through
the Aquifer Land Acqulsxtion Program (AI..A). The goals of the program are to help local
officials define the primary water recharge areas around publlc water supply wells, to oy

work with local officials to properly address land uses withm t charge areas of these

wells, and to reimburse ehgnble apphcants for land acquxred m k y segments of recharge
areas for water supply protection purposes. ‘l'he program encourages a mxx of strategxc o

land acquisition and effectlve land use controls to achleve water well protectxon. o

As part of the program, the Massachusetts Department o
Engineering (DEQEY has defined three zones of contribut‘ ‘
recharge areas for a public well, Theoretlcally these three zones constltute the

geographic area in which land uses may affect the drinking wate-r supply well.

® Zone 1, the 400-foot radius or other desxgnated area surroundmg a water “
“ supply well, must be in comphance thh the DEQE lD i kmg Water Regulatlon R

(310 CMR 22.00). I

® Zone II is the area of an aquxfer that contrxbutes water to a well under the

most severe recharge and pumpmg condltxons 1.hat can be realxstlcally

anncxpated. It xs bounded by the ground-water 1v1des that result from
pumping the well, and by the edge of the aqu1fer w. “
such as till and bedrock At some locatnons, str ms“_‘and lakes may form »

recharge boundanes. ‘ .o

° Zone lll 1s that land area beyond the area of Zone II from ;“whlch surface water‘
ge area as determi‘ned

le permeable materxals

and ground water draxn mto Zone ll. ‘l'he surface dr
by topography is commonly coxncident w1th the I are
and will be used to delineate Zone IIl. In some locatxons, where surface ‘and‘

ground-water drainage are not comcndent, Zone lll shall consxst of both the“_‘; -

surface dramage and the ground-water dramage areas.




A

‘l'he dehneatnon and management of these three zones form the basxs of an ALA

. grant program 3through whxch local governments compete to obtam funds from the State

to purchase land for water well protectnon purposes.

The Commonwealth has restrxcted the rexmbursement for land purchases to Zone IL.
The rationale for thxs declsron was that Zone II areas. consxst of relatively permeable
surflcnal deposits and represent the area of the mumcxpahty in which land uses have the

- greatest potential for adversely xmpactmg the local water wells(s) Zone was eliminated
* from the retmbursement scheme because under Massachusetts law the water supplier is

already required to control land use within the aoo-foot radius surrounding the well. It
should be noted, however, that land purchase is used pnmarlly as an incentive to foster
participation in the program. Even with some of the small glacxal aquliers in the State,

. minor portxon of the land in ‘the recharge area can be purchased. The key protection is -
" afforded by the adoptxon of ordmances, which the State requxres for acceptance of ALA

- grants.

The program requxres apphcants to supply four ma)or categorles of information:
aquxfer/water supply lnformatxon, land use mformatxon, resource protectxon plans, and
land acqulsxtxon mformat:on. Under the first category, Zones I, 11, and Il must be
delineated and mapped. Any pump tests or modelmg used to dehneate zones must be
documented. : :

Some level of land use mformatlon must be supphed for all three zones. All major
land use activities such as commercnal, residential, agrxcultural, and mdustnal uses in

) Zone | must be mapped and pubhc transportatlon corridors xdentlfned. For areas in Zone

I, only those land use activities that pose sxgmﬁcant threats to’ “‘ground water-such as .

. 'hazardous waste sites, surface xmpoundments, landﬂlls, auto junkyards, underground

‘ storage tanks, salt storage sheds, and sand and gravel operatrons-need be documented.

Informatxon on a water resources protectxon strategy that 1dent1f|es exxstmg and/or ‘ v

'proposed land use controls desxgned to protect the supphes must be mcluded in the

2

submittal for the suggested land" and/or easement purchase.  The State uses this
information to determine whether there is a sound basis for the locality acquxrxng the land

- and whether the town will indeed be able to complete the land acquisition should an award

i

be granted.




‘; ;
and use of<the resource and the degree of resource protect
"the proposed water protectlon strategy. .

A.l.# Vermont

The State of Vermont is developing a ‘Statewide wellhead protectnon program. As
part of this, the Agency for Environmental Conservation (AEC) is developing regulatlons -
that will be used m” » }map the cones ‘oi inﬂuence the
secondary recharge areas of water wells in Vermont.

other regulatory agencxes in thexr permxttmg actnntxes. T

Areas that were delmeated in the Vermont Aqurfer Pr
1970's. The project resulted in 209 individual APA's located in 104 Vermont towns. An
APA is defined as the land surface area that encompasses. the recharge, collectxon, -
. transmxssxon, and storage zones for a town's well or sprmg. !

SRR
Exght categones of APA's were delmeated based on hydrogeologlc factors-

xfers thh availlable‘:w
R R A ST Ly ‘ Lo

|

e Wells m unconfmed and leaky unconsolidated

engmeermg pump tests

. Wells in unconfmed and leaky unconsohdated aqunfers without engmeermg

pump tests

e  Wells 1n”conf1ned unconsohdated aquxiers

e Bedrocl wells, usmg an mfxltratxon model |

‘. Bedrock wells, using a leakage model }

° Sprmgs‘ in unconsolxdated materxal and at the interface betwe
unconsohdated materlal and bedrock, with hxg

dxrectxon

relief in the upgradient

e Sprmgs in unconsolxdated materlal and at the interface between
- unconsolidated rnaterxal and’ bedrock, ‘with low relief in the ‘upgradient

direction

S‘p’ingé‘:‘l’maﬁauting‘ from bedrock | SR




"There are no {egulations assocxated with mapped APA's, but Vermont's exxstmg regulatory .
programs use APA's to flag areas needmg specxal conslderatxon during the revxew process .

on development appllcatnons.

A2 EUROPEAN DELINEATION APPROACHES ’

At least 11 European countries have developed ground-water protectxon programs s
comparable to the WHPA concept (Figure A-1). The European Commumty (EC) Directive

-.‘on the Protectnon of Groundwater Against Pollution Caused by Certam Dangerous
Substances (80/63/EC), issued in December 1979; requxres member states to protect (by

law, regulatxon, and administrative provision).; all usable ground waters agamst direct and
indirect dxscharges of certain: lxsted substances. However, ground-water protectlon :

- programs - in Europe sxgmﬁcantly predate this dxrecthe. Development of policies to
. prevent movement of contaminants into the subsurface environment began in the last
century, through the most important laws and regulatnons date to. the 1950'%. . West
Germany and the Netherlands have the most extensxve experlence in this area, and thelr
'programs are descrxbed here.

»

European programs generally mvolve the delmeatlon of at least three zones of :

* protection, defined by dlstance and/or TOT. These are more or less concentnc rings,
. startmg with the area xmmedxately around the wellhead. Typlcally, an outermost zone is

‘drawn to the recharge area boundary. Wlthxn these zones, restnctxons are 1mposed on a.

" number of activities mcludmg, but not lnmlted to do, waste dlsposal sites, the transport
and storage of hazardous chemicals, ‘waste water disposal, and . the apphcatxon of

leachable pestlcndes. The degree of restriction decreases as the distance from the’

. wellhead lncreases. , _ ,
A2l The Netherlands S

The Netherlands delineates three or more zones of protectxon, based on aqulfer type

“(van Waegemngh, 1985 and 1987). These Zones are generally defined using analytical -
models whose applications require some degree of technical expertise. When the effort

began, slmple fixed-radius approaches were used. Analytxcal methods are now the most

widespread approach. Numerlcal models for WHPA assessment around key wells are
'increasingly common, though analytical methods are still used for the areas closest to the ~
-pumpmg wells (Heu, 1987). The :brst protectlve area lies immediately around the
wellhead,. up to 30 meters away, and is purchased by the water authority. The second
zone is deﬁned by a 60-day TOT, and is designed to protect the well from microbial

A-7
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i

contammants. There is then a "water protectxon" area, roughly comparable to the WHPA

_boundaries. This is subdivided into areas within 10-year and 25-year TOT, roughly 800 and

1,200 meters from the well in the Netherlands. An outermost zone, the "far recharge
area," is delmeated to the outer boundary of the well recharge area. "

A2 West Germany

" The West German wellhead protectxon strategy, though it was developed first, is
quite comparable to the Dutch approach, and also depends largely on analytlcal solutions.
Zone 1 covers the immediate wellhead area, to a radius of 10 to 100 meters. Zone Ilis

dehneated by a 50-day TOT. The "water protectxon area," Zone III, is subdxvxded into

inner and outer areas. Zone, m A extends up to 2 kilometers from the well (if the aquxfer
boundaries are more distant). Zone III B extends to the outer boundary of the recharge
. area. Since many aquxfers are contamed within sedlmentary basins, hydrogeologic

mappmg and numencal s:mulatxon procedures are used i in a basm-by-basxn approach.

A9
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| APPENDIX B e
B o COMPARATIVE ANALYSIS |
B . _ ‘ ‘
- ' Comparatxve analyses of WHPA methods were presented in Chapter basa valuable ' N l :
2 approach for State wellhead protectlon. ‘l'hns appendxx provides examples of comparatlve | o
~ analyses of method applications for wells in Massachusetts, southern Florxda, Colorado,‘ v
* and Connectlcut. Each comparative analysis focused on an existing or proposed well or - o
well field. The sltes chosen all had some WHPA delmeatxon already m place or in process.
The State, county, or locality that performed WHPA delineation utxlxzed the method of its '
cholce. Crlterla and crlterla thresholds varled, dependmg on specxfxc program goals. To. [
' complete these analyses as method comparlsons, additional approaches were applled. The '
| four basxc methods used were: ‘

e  Calculated fixed radius (CFR), based on the State of Flonda's approach

Analytical methods : | o | 7
- Umtorm flow model T o , L - o | !
- Strahler prism model' : | o o

° _Numerlcal model." |

The comparatlve analyses present examples of deltneatlon method selections as they n
might be encountered in "real world" situations. The analyses compared ‘WHPA's , :
delineated by different methods for a smgle well or well field and one set of h S E :
hydrogeologlc parameters. Direct comparison of areas resultmg from each of theseé '
~methods should be made with a understandmg that the areas. being compared may

represent different types of zones. For example, as discussed in Chapter &4, the area '
resultmg from applying the uniform flow model. is the zone of contribution of the well,
whereas areas resultmg from appllcatlon of numerical models (partxcularly as presented in ' ,
this appendlx) yield zones of mﬂuence or zones of transport. These comparisons are based E
on the assumption that the ‘numerical model ylelds the most "accurate” delineations of ‘.
WHPA's. Therefore, comparisons use the WHPA resultmg from the numerical methods as

' the standard. ' ‘

*

In each case study, different delineation methods were used for individual well(s)

s+ using the same or very similar hydrogeologic parameters. The delineation methods'used in T E d
- the comparative analysis and the type of data required by each method are shown in




Figure B-1. Given the varying criterxa thresholds chosen by the varxous government”w e
bodies, .it was not possible in this assessment to consxder the same cnterxa and methods

IorallcaSes. ‘- : B o ‘ I

g et

Methods and critena thresholds used in these cornparamve analyses have not been
endorsed or app ed by EPA- The

numerous assu‘mp‘ ns were made that
shown The resul should therefore not be used o 1
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B.1, CAP %Econ OD, MASSACHUSETTS |
‘B.l.l Hydrogeoloy of StudyArea

study area's major geologxc formatxons mclude the Mashpee P doutwash plam deposxts, -
the Buzzards Bay moraine deposxts, and the Buzzards Bay outwash deposxts. The majority
of the study area is situated over the Mashpee pxtted outwash plam. The surﬁclal outwash o -
deposits are composed of ﬂuvxally-bedded gravels and gravelly sands deposxted followmg |
recession of the Cape Cod Bay and Buzzards Bay lobes. At depth, silty sands and tillhave |
also been identified. Recharge to the ground-water system is provxded primarily throughw
precipitation during the winter and sprmg seasons. Typxcally, the study area averages 43
inches of precipitatxon annually, with reported estlmates o»f annual recharge to the
ground-water system between 12 and 24 mches. Remammg p»recipxtatnon is lost through | o
evapotranspiration; a small portion is lost through dnrect runoff to streams, ponds, and -
B.1.2 Method Application | | e
WHPA delineation methods used in the Cape Cod comparative analysis included (1) a
calculated fixed radius method, (2) two analytical methods (the uniform flow model and"

the Strahler prism model), and (3) a numerical model. Compamtwe analyses of dehneated S
.areas were done for two wells. | - | L I

Calculated Fixed Radius. The calculated fixed radius (CFR) mlethod used was the Flornda I
Department of Environmental Resources volumetrnc flow equatxon (De Han, 1986) I
WHPA's delineated with the CFR equatlon were dehneated based on travel-tnme cntena |
of 10, 25, and 50 years. ‘

Analytical Methods. The fxrst analytxcal method used was the ) flow, m el(‘l'odd,
1980) (see Chapter 4). The model was used to estxmate thy teral
extent of the WHPA's. The upgradxent boundarxes for these texamples were deterrmned
using 10-, 25-, and 50-year TOT distances determmed from a travel time equation used m‘ o
England (see Chapter 4). The second analytxcal method apphe e Strahler prism. model o
(Horsley, 1983) combines analytxc:al and graphlcal techmque's (Chapter l&) With ‘this o
method, distances to downgradient and upgradxent WHPA bo»undarxes were determmed R i
using distance-drawdown curves, and a model developed for ground-water ﬂow on Cape
Cod. The WHPA's were then dehneated as the areas supplyu\g surface recharge to the

i




pumping wells, thh the calculated downgradlent and upgradzent bounds bemg the
delineated area of recharge. :

Numerlcal Method.. WHPA's delmeated with- the numerlcal mode] were. obtamed from a
1985 study in which time-dependent (10-, 25-, and '50-year) ZOC's were delmeated for six

wells in the area (Camp, Dresser, and McKee, 1986), usmg a three-dlmensxonal flnxte '

element model for ground-water flow and transport.
 Bil3 Data Requlremems |

Data used in the CFR and analytncal methods are hsted in Table B-1. These
' parameters reflect only hydrogeologlc propertles of the aquifer near the wells. These are

at best global approxxmat:ons to the spatxally varymg parameters. In .contrast, the
numencal model can take into account aquifer heterogeneltxes and the impact of flow

boundarxes (such as lakes and streams) in the area of WHPA delmeatlon. The spatially
changing parameters in the model are described i in the orlglnal report by CDM (! 986)

B.1.4 Companson of Resultmg WHPA's

Figures B-2 through B-7 show the delmeated WHPA‘s for the two wells on Cape Cod
using the CFR equatlon, the numerical model, the umform flow model, and the Strahler
prism model. For well 1 (Figures B-2 through B-4) the uniform flow model provided the

largest area of coverage for TOT's of 10, 25, and 50 years. The Strahler prism model .
- provided less coverage than the numerlcal model for a 50-year TOT, although the overlap

with the numerxcal model was con51derable. In several comparlsons, the CFR equation

was found to delineate-the smallest area, and is therefore the least accurate of the

‘."m,ethods. In addition, the CFR equation was less accurate as the ‘criteria - threshold

- increased. These deviations from the standard WHPA -can be attrlbuted to the fact that

the CFR equation does not account for conditions of a sloplng water table (1.e., gradlent is
not one of the parameters in the equatlon)

In the case of well 2, the uniform flow model provided results comparable to the

numerical model, as is shown in Figures B-5 through B-7. The relative accuracy of the. )

_results is apparently due to the smaller effe'ct of,ﬂow,boundaries (such as surfacei water
bodies) on ground water near. the well. ‘fhe uniform flow model provided the largest area

of coverage, followed by the ‘Strahler method. Both of these methods. provided a larger e

area of coverage than the numerical model, thh a high degree of commonalxty. As with
~ well 1, the CFR equation was found to provxde the least area, although it relatwely better
for the smaller TOT's. This probably reﬂects the regxonal slope of the water table.

. B-5

X
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Figuré B-2

WHP}A"Cbmparativ'e Analysis, Exdn’:p”e ‘for
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Figure ‘B-3 _
WHPA Comparative - Analysis, Example for

Well #1 Cape Cod, MA, 25-Year TOT
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' - — ‘ Figur.ev B-4 o :
‘WHPA Comparative Analysis, Example for
Well #1 Cape Cod, MA, 50-Year TOT
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. ‘Figure B-5 R
WHPA Comparative Analysis Example for
Well #2 Cape Cod, MA 10 Year TOT
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: Flgure B- 6 R
WHPA Comparative Analysis Example for
% Well #2 Cc_:pe: Cod, MA 25-Year TOT

|»° &
) y c#‘ Cunb;ny . B .
o * . . 2 g3 hd o . o " -
L Jeo o wER g . . K) WaquoxtVﬂiage N E
P~/ 000 T N S A S R
= , o - — NUMERICAL MODEL
SCALE N . wewms e wmmmm  ANALYTICAL MODEL
’ I © 0006000 ® CALCULATED FIXED
- RADIUS EQUATION
B-11




b

Figure B-7

-

WHPA Comparative Analysis Example for

%."  Well #2 Cape Cod, MA, 50-Yéar TOT

3 c*’ Cranberry
i . fog

NUMERICAL MODEL
ANALYTICAL MODEL :
STRAHLER PRISM MODEL

CALCULATED FIXED
RADIUS EQUATION




,%‘

_B.2 SOUTHERN FLORIDA :
B.2.l Hydrogeology of Study Area

Vlrtually all’ of southeast Florida's res:dentxal, commerc:al, and mdustrlal water xsv
supphed by hundreds of publlc and prlvate wells that tap the Bxscayne Aquxfer. ‘l'he top of.

this aquxfer lies just 2 to 5 feet beneath the ground surface, and it is recharged by

~ rainfall, streams, canals, and lakes. Approximately 80 to 150 feet deep in place, ‘the .
' aquxfer thins along the western boundaries of the study area. The lithology lS largely

permeable limestones and sandstones. Groundfwater flow in the aquifer is pr;marlly

‘horizontal and eastward, toward the sea.

' B.2.2 Method Appucauon

1

. CFR equation, an analytlcal model, and a numerlcal model., The comparison was done for
a well ﬁeld consxstmg of three wells. WHPA's were delineated for all methods based on
- TOT crlterxa thresholds of 30, 210 and 500 days (the County's WHPA criteria).

. Calculated Fxxed Radms. ‘l’he CFR equatlon used was Florlda's volumetrlc equatlon (see
_Chapter 4). L o ‘ ' '

Analytical Meth‘od ’The analytical technique applied was the uniform flow model (Todd, -

- 1980). For modelmg purposes, the well ﬁeld was analyzed as a sxngle well. | |

v:Numencal Model.. ‘I'he numerlcal model used was a three-dxmensxonal finite dlfference
model (McDonald and Harbaugh, 1984) in which WHPA's were delmeated based upon

drawdown and TOT crxtena thresholds (Dames & Moore, 1986)

B.2.3 Data Requlrements

Data requxrements for each method are lxsted in Figure B-1. Snmllar parameters

were used as mput in each method; they were obtalned from a report on the numerical

5 modehng study and are shown in Table B-1. Figure | B-1 shows that not all hydrogeologxc )
~ parameters were used for each method of delmeatlon. The numerlcal model requlred the

most data and was assumed to provxde the most accurate results. In addition, this method

" was the only method that could take into account the 1mpacts of flow boundanes (such as
" canals) in the area of WHPA dellneatlon. ' '

B-13

'Delineation methods used in the Southern Flonda comparatlve analysls were the




B.Z.# ComparisonofResultmng-lPA's

‘I'he‘%CFR approach provided a moderate overlap thh and less coverage than the
humencal model for TOT's of 30, 210, and 500 days, as shown in Flgures B-8 through B-10.

For this well ﬁeld, no surface-water ﬂow boundary features are located near the wellw o

field that affect ground-water flow, although many canals th:

could have such effects

are located in well-field areas in southern Florida. The relatlvely flat water-table slope o
in this area is another factor crxtxcal to the closer match among methods than in the .

latter Cape Cod example. |




Figure B 8

WHPA Comparative Analysis

| &’% Example from Flonda, 30-Day TOT
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. Figure B-9

N 3

WHPA Comparative Analysis

s

PE Example from Florida, 210-Day TOT
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| . Figufe_,,‘B-f‘lO'- | |
'~ WHPA Comparative Analysis
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L ‘I‘heoe com aratlve analyses for the State of Col

n. unpublished
, the Colorado Department of

y the uniform flow equatlons‘” by Todd, 1980) for the purpose of
‘determinxng zones contributlon to wells

Aquifer and exports it to suburbs east of Coloradow ‘Sprlngs and to the Falcon Air Force ‘
Station. The aquifer is located about 25 miles east of Colorad Sprmgs. The setting is

largely rural, and the wells are subject to contammatlon from agricultural sources, The
Black Squirrel basln is drained by Black Squxrrel Creek and its tributaries. Streams inthe, .

area are intermittent, flowlng only in response to thunderstorm Sy snowmelt, and prolonged

rainfall. All streams are ephemeral and do not provxde dependable sources of water. The &

basin is underlain by an alluvial aqu;fer and the four bedrock aquifers of the Denver Basin,

‘I’he Black Squxrrel Creek aquxfer is approxxmately 100 square miles in extent (at a
saturated thlckness of at least 60 feet) and receives surface re charge from an area of
approxxmately 350 square miles, Average annual recharge is estlmated to be 0.6 to 1.3
inches., Recharge 1o the allu\nal aquifer is about 9,000 acr per year, as infiltration
of precipltatlon and upward leakage from bedrock Natural dlscharge is
estimated to be equally dmded between evapotransplratlon from ground water and
ground—water outﬂow at the downgradlent end of the basln. '

The source of water to the wells tapplng the “alluwal aquxfer is prlmarlly from‘
aquifer storage. Therefore, ground-water thhdrawals have lowered the water table and
reduced the discharge to evapotranspiration. Changes in ground-water outflow due to
pumping have been small. Changes in leakage from bedrock aquifers are not known,, but
are assumed to be small. Withdrawals from ground’ water have been about 11,000 acre-
feet per year, 8,000 for agrlcultural consumptlon and 3,000 ‘for

icipal use. The source

‘of this water has been storage .|n the alluyxal aquxfer and ‘salvage of ground water that

would have been lo o evapotranspiratlo

losses affectlng the aquifer is oomplxcaed by we

seasonally for agru:ultural lrrxgatlon. |

e of sources and

|
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. B32 Method Apphcatlon

WHPA *delxneatxon methods used in the Colorado comparatwe analysis mcluded, )
calculated ﬁxed radlus and analytlcal methods. A comparatwe analysis was done for one
well. '

Calculated leed Radms. The calculated ﬁxed radius (CFR) method used was the Florlda

volumetric equation (see Chapter 4), WHPA's were delineated for travel times of 1 and 5
years. ' ' '

Analytxcal Method The analytlcal method appdxed, the umform flow model (‘l'odd, 1980),
was used to estimate the downgradlent and lateral envelope of the WHPA. The upgradient |
boundaries were determined using l- 5= and 20-year TOT distances determmed by the
regional ground-water flow velocxty, determmed from non-pumpmg water-level maps- for'

" the area.

 Two approaches were used to apply the umform flow model. ‘I'he first approach was

' described m Chapter 4. In the second approach, the umform ‘model was applled by the

USGS in a sllghtly dxfferent way. The ZOC to the pumpmg well was assumed to reach its
maximum calculated width at the well rather than at some dxstance upgradxent from the
well, as assumed with the first approach. Also, a buﬁer zone was added beyond the
calculated ZOC for the well. 'l'he buffer zone was cornputed by doublmg the dxstance :
from the well to the downgradient null point 2 (X1) and from the well to the ZOC
boundary 2 (Y]_) (Figure 4-7). The buffer zone was extended outward from the calculated
ZOC boundary at the well by 50 feet for every lOO feet of distance upgradxent from the
well.

B.3.3 Data. Requu-ements

Data used in the CFR and analytical methods for the Colorado comparatxve analysis
are hsted in Table B-l. 'l'he parameters shown in Table B-1 were obtamed from UsGs
studnes in the area and parameters reflect condltnons around the wells.

B.B.# Companson of Resultmg VIHPA's

Fxgures B-11 through B-13 show the delmeated WHPA‘s for the well in Colorado
usmg the CFR and ‘the two approaches using the umform flow model. For the l-year TOT
threshold, the WHPA's delineated using the dxfferent methods were relatively similar. For
the 5-year TOT, however, there is less sxmllanty among WHPA's delineated using the

B-19
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‘1
various methods Dxﬁerences are hkely due to the fact that the CFR. does not
incorporate the regxonal slope of the water table, as the analytlcal methods do.

Sen

t For the 20-year TOT distances, - only the two approaches used in the analytxcal '
methods are compared. The WHPA's delineated with the two methods are relatively l
similar, though the USGS-delineated WHPA is wider near the well. - With the additionof =
the buffer zone in ‘the USGS approach, however, the resultmg, WHPA's are substantially

larger. Since the effects of the n'ngatxon wells and irrigation ﬂow returns have not been -’

included in this comparatxve analysns, the addxtion of a buffe'r zone to the analytlcally |
determined WHPA's appears to be a reasonably conservative approach.




Flgure B-ll
WHPA Comparahve Analysis, Example from
Colorado, 1-Year TOT
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Figure B-12 | -
WHPA Comparative Analysis, Example from .

- Colorado, 5-Year TOT
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Flgure B-13 :
WHPA Comparahve Analysus, Example from '

& Co|orc|do, 20—Year TOT and Buffer Zone
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In 1985, the Connecticut Department of Envxronmental Protectlon, in cooperatlon
with the U.S. Geological Survey, conducted a comprehensive study of the ground-water
resources of the Cannondale Aquifer in southwestern Connect icut (Meade and Knowlton,
1985). That study served as the basis and ma]or source of mformatlon ior the o
comparative analysxs presented in thxs sectlon. ‘l'he Cannondale Aquxfer lS located in the ‘ o

town of Wilton, whxch is approxnmately 6 mxles north of the clty of Norwalk.
B.%.1 Hydrogeology of the ‘Study Area o ‘> o
The Norwalk Rlver basin is very snmllar, both geologncall mand hydrologlcally, to

drift deposxts. ‘l'hese deposxts exhxblt a capacxty to st
does the underlymg crystalhne bedrock This capaclty of t e de sits to transmlt water,
along with their hydraulic connection to the streams ﬂowmg through valleys contammg -
the stratified drift deposits, make such stream-valley system:. the most prohﬁc type of“ |
aquifer for public water supplies in southwestern Connectncut. N o

e rmg a land suriace B

The Cannondale Aquifer consxsts of stratlﬁed dt‘lft depo
area of aPPl'Oleately 0.32 square mxle, with a maxxmum thnckness of 140 feet.” o
Approximately 30 percent (0.15 square mnle) of the aquxfer has a saturated thnckness of

less than 10 feet. ‘l’he Norwalk River runs north-southth 2 qulfer for a length of
il

about 7,000 feet and a width rangmg from 5 to 50 feet “ “

Precxpxtatlon, falhng on both the stratmed drlft deposits and the‘ surroundmg tnll-‘
bedrock uplands, is the major source of water that recharges the stratxfled dl'l.ft aquxfers. -
Water derived from both rainfall and snow melt dxrectly on the stratxﬂed dl’lft deposxts“‘j -
seeps into the ground and percolates through the unsaturated zone where losses to
evapotranspxratlon and soil moxsture occur. The remamder ‘of he water reaches the‘

- o
water table and is mcorporated into the ground-water flow sy';tem. Very lxttle water is
lost from the stratified dl'lft deposxts asa result of overland runoff. ‘

Y T I T J

8.6.2 Method Apphcatmn

Delxneatlon methods used in the Connectlcut compara ve s we e a calculated
fixed radius equation, an analytical model, and a numencal model.. “‘l'he companson was B

done for a well field consxstmg of two wells.




Calculated Fixed Radius. The calculated fixed radius method used -was the Florida

volumetric eauation (see Chapter 4). WHPA's were delineated for TOT'sof 1 and 5 y'ears.
v

Ana.lyual Method The analytlcal model used to estxmate the downgradxent and lateral
extents of the WHPA was the uniform flow model (Todd, 1980). The upgradient
boundaries were determined from a travel-time equatlon used in England (see Chapter 4).
. . WHPA's were delmeated for TOT's of 1 and 5 years. The two wells were treated as a

' . smgle well in the umform ﬂow model appllcanon.

. Numerical Model. The numerical model used ‘was a two-dlmensmnal ﬁmte-dxfference |

g ground-water flow: model (T rescott, et al., 1976) applled by the USGS (Meade and
Knowlton, 1985). WHPA's were deliheated based upon flow boundaries defining the ZOC
to a pumpmg well and drawdown criteria defmmg the ZOI. .

.8.4.3 Data Reqmrements

Parameters used in the Connecticut comparative analysxs are shown in Table B-l. ‘

. The parameters used were obtained from a report on the numerical modeling study (Meade
and Knowlton, 1985). In this study, extensive data collection was done to characterxze
hydrogeologlc parameters. Parameters were found to vary throughout the study area and

l the parameters used in the comparative analysxs were those closest to the wells for which |

" the WHPA's were delmeated.

B.#.li Comparxson of Rwultmg WHPA's

Figures B-14 and B-15 show the resultmg WHPA's for the two wells in Connectlcut,:

delineated with the CFR method analytlcal model, and numencal model. For a TOT of 1
'year (Figure B-14) results of the CFR and analytlcal model are relatively similar.

However, WHPA's delmeated with these methods are smaller than those delmeated w1th‘

the numerical model usmg flow boundanes and drawdown as crlterxa.

For the 5-year TOT's, the CFR and analytxca.l model provxde greater variation in

results. = The larger difference is likely due to the effects of regional: ground-water "

gradxents. The CFR -and analytxcal model also provxde results geometrlcally different
from the numerical model. This is probably because the CFR and analytical models do not

account for flow boundaries, such as stréams and geologlc contacts, that sxgmﬁcantly

. aﬁect ground water flowing to this well field.

B-25
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_ _Figure B-14 BT
WHPA Comparative Analysis, Example from -
' "Connecticut, 1-Year TOT |
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Figure B-15 e
WHPA Comparahve Analysis, Example from
,% | Connechcut 5- Year TOT
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3.5 SUMMARY AND CONCLUSION ‘ L |
leferent methods can provide sxgmﬁcantly dlfferent levels“”of accuracy for WHPA ‘

Ydelineation around a well field. This is ‘particularly true if su :Eace water affects ground-

water flow or heterogeneous hydrogeologlc conditions exist. .

method for delineating WHPA's in an area should mclude consi atlon of the valxdlty of

the method under existing hydrogeologlc condmons in the at cludmg flow‘ l:oundanesw

and gradients), the desired accuracy, and the cost/xmplementatlon tradeoffs in movmg _ o

from relatlvely sxmple to more comprehenswe methodologles. Comparatlve analyses have T
also been shown useful for evaluating crltet’xa and cr
| State ‘WHP programs.

ocess of decxdmg ona

The methodology and nomenclature used to evaluate the comparatxve analyses are
shown in, Figure B-16. Table B-2 is a summary of the compau atzve analyses for the four S

year TO’I‘ for the Connectlcut example, a 500-day 1'01' :tor the
year TOT for the Cape Cod example. Because WHPA's dehneated by numer lcal modelmg
were not available as a standard for comparison for the Color.ado example, its results are

not shown in Table B-2. - | i

- For the Connectlcut comparatlve analysxs, the CFR m del covered the entlre
numerically delmeated WHPA and did not under-protect.‘ Ho\\‘:” thls method ‘ov‘id“e
considerable erroneous coverage when compared with the numerically delineated WHPA.
For thxs example, the low accuracy was due to the effects of flow boundanes and
significant regional ground-water gradients not mcorporated in the CFR model.

-
For the analytical model in the Connecticut example, the method covered nearly all

of the numerically delineated WHPA and provxded relatlvc y“ lxttlem under-protectlon.‘ |
However, as with the CFR model, sxgmflcant erroneous cover age was: due to the effects‘

of flow boundaries. “

For the Florida comparative analYSIS, the WHPA dehnea;]ted Wlth the CFR model was‘ : ‘*”“““
about half the size of the numerically generated WHPA and no erroneous coverage ‘was
provided. The analytically generated WHPA, however, covered all of the numerlcauyj“‘ e
generated WHPA and provided Only a shght amount of erroneous protectlon. For thlsw g




it

4=

forld

F:.i‘g'u?e' B-16

z;, Compuraﬁve\Andlys'i_s Nomenclature

Percent mutual coverage = (Ap/Agqg) X 100%
Percent under protection = (A, /Agxg) X 100% -
Percent erroneous covefagé = (—rAe _'A"')'X 100%

) - - std ) . V N

Agqg = Area given by the method used as the standard for comparisons.
Ae
Am

Area given by method .to be evaluated.

Area mutually _covéred by both methods. -

l Ay = Areanot covered by method being evaluated.

B-29
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o

comparatnve analysxs, the CFR and analytxcal models provxded more accurate protection
than in the ,.Connectxcut example because water table gradients are ‘lower and flow

"boupdaries are generally absent.

For the Massachusetts comparatwe analysxs, the CFR equation pravxded a relatwely
high degree of both under-protectxon and erroneous coverage. The analytical model,

- contrast, provxded a high ‘degree of rnutual Coverage and a small amount of under-.

protection. However, this method provxded a relatxvely large area of erroneous coverage.

- The differences in the delmeated WHPA's for this comparison were due to the presence of

v .

‘sxgmfxcant regional ground-water gradlents and the presence of hydrologxc boundanes,

mcludmg ponds and streams. ,

 B-31
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| ~ APPENDIX C
i iGLIO‘SSARY.‘

]

The purpose of this Glossary is to provxde a List of terms commonly used by E

3 .hydrogeologlsts, as well as some specific terms used in ground-water contammatxon :

assessments and wellhead protectxon. The definitions provxded in thxs glossary are not |

. necessarlly endorsed by EPA nor are they to be vnewed as suggested language for

- .- regulatory purposes. - Not all of these terms appear in this document. . Numbers in

,parentheses indicate the reference sources for most of the hydrogeologxc terms, the ma]or

source was (1). Some adaptatxons of the deﬁnmons in these’ published references is

‘included.

f

'GLOSSARY REFERENCE.S . =

(1) Subsurface-Water Glossary Worklng Group. 1987. Subsurface-water flow and
- solute transport--glossary of selected terms. Ground-Water Subcommxttee,
Interagency Advxsory Commlttee on Water Data. (Unpubhshed revxew draft)

(2)  Driscoll, F. G. 1986. Groundwater and. Wells, Second Edition, 'Johnson
'vamon, St. Paul, Mlnnesota. ' ‘ '

Lo ‘} .
3 Fetter, C. w., 1980. Agglxed derogeologz Charles E. Merill Publishing.
‘ Company, Columbus, Ohio. ' ' L

* (4) Bates, R. L. and 3. A. Jackson. Glossarx of Geologx American Geological .
' Instltute, Falls Church, erglma. D

;(5) - Laney, R. L., and C. B. Davidson. 1986. Aguxfer Nomenclature Guidelines.
U Geologxcal Survey Open File Report 86-534. :

(6) American ,Socxety of Civil Engineers. 1985. »Ground Water Management.
Manual 40. - ' \

- GLOSSARY

v Absorpnon. The process by whxch substances in gaseous, liquid, or SOlld form dxssolve or

mix with other substances 6).

Adsorptnon. Adherence of ions or molecules in solutlon to the Surface of solids (1). The

assimilation of gas, vapor, or dxssolved matter by the surface of a solid(2). The




attractxon and adhesxon of a layer of 1ons from an aqueous solutmn to the solrd ‘mineral =~ -

surfaces ‘:vlth Wthh itisin contact (3).

Mvect;on The process whereby solutes are transported by the bulk mass oi ﬂowmg l

fluid (1). The process by which solutes are transported by the bulk motion of the flowing
ground water (2).

Alluvial, Pertammg to or composed of alluvium or deposited by a stream or running .
water (2). : :

Alluvlum A general term for clay, sxlt,. and sand, gravel, or sxmxlar unconsohdated

materxal deposited durmg comparatively recent geologic time by a stream or other body | f
of runmng water as a sorted or semlsorted sediment in the bed of the Stream, or on i
‘ floodplain or delta, or as a cone or fan at the base of a ‘mountam slope (2)

Analytical model. | A model that provxdes approxlm \
forms of the dlfferentxal equatxons for water movement and solu

models can generally be solved with calculations or computers. | N | !

Anisotropy. The condition of having different properties in dxlferent dxrectlons M. The
condition under which one or more of the hydrauhc prope'rtles of an aquifer vary
according to the directionof flow (3. R R R

Anthropogemc. Involvmg the 1mpact of man on nature, mduced oraltered by the presence
and actwmes of man.

Aqulfer A formatxon, group of iormatrons, or part of a formatx 3
saturated permeable material to yreld suffncnent, economncal quantmes of water to wells
and springs (1,2). Rock or sediment in a formation, group of formatxons, or partofa
formation that is saturated and suﬁxclently permeable to transrmt economlc QUantxtles ofN

Aquifer system. A body of permeable and relatrvely 1mpermeable materlals that

functions regxonally as a water-yleldmg umt. It comprxses t meable umts
separated at least locally by confuung umts that 1mpede ground-water movement but do o
not greatly affect the regxonal hydrauhc continuity of ‘the system. 'l'he permeablew -
materials can include both saturated and unsaturated sectxons (li | | | T

water to wells and springs (3).

Aquiier test. A test to determine hydrologxc propertxes of an aqulfer, mvolvmg the >
withdrawal of measured quantxtnes of water from, or addmon o ater to, a well and th




i

. measurement of resultlng changes in head in the aquxfer both during and after the perxod |
of dlscharge or.addmon (1,2) ' '

Ared of influence. Area surroundmg a pumpmg or rechargmg well w1thm Wthh the water
table or potent.lometrnc surface has been changed due to the well's pumpmg or recharge -

(1); :

: Artesxan Commonly used expressxon, generally synonymous w1th (but less favored term
_ than) "confined." : ’ '

Artesxan aquer. Commonly used expressxon, generally synonymous w1th (but less. favored -

term than) "confmed aquxfer."
Arteslan well. A well derxvmg 1ts water from a conflned aquxfer (2)

Attenuation. The process of dlmxmshmg contammant concentrations in ground water, due

to filtration, bxodegradatlon, dllutlon, sorptlon, volatnllzatxon, and other processes.

- Base flow. That part of stream dlscharge not. attributable to direct runoff from

precipitation or snowmelt, usually sustained by ground-water dxscharge (1). ‘l'hat partofa
stream discharge derived from ground water seepmg 1nto the stream (3)

'Bedrod< A general term for the rock usually sohd, that underhes SOll -or other "

unconsohdated materlal (2)

Bernoulli's Equatxon. Under conditions of steady flow of water, the sum of the velocxty
head, the pressure head, and the head due to elevation at any given point is equal to the

sum of these heads at any other point plus or minus the head losses between the pomts due

. to friction or other' causes (4).

. Breakthrough curve. A plot of ‘relative concentration versus ‘time, where relative

concentration is defined as C/Co, the concentratlon at a pomt in the ground-water flow
domaxn divided by the source concentratlon. - '

Calibration. Adjustment of the mput data until computed heads match the fleld values.

CAPA See Critical Aqu;fer Protection Area. |

'Capll.lary action. ‘The movement of water thhm the 1nterst1ces of a porous medium due A
. to the forces of adhesxon, -cohesion, and surface tensxon acting in a liquid that is in

contact with- a solid. Synonyrnous thh caplllarlty, capillary flow, and capillary
migration (1). )
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upward by capillarv force (2) ‘l'he zone xmmedlately above the water table, where water )
s drawn upward by caplllary actxon (3) RS

actlon (1)

C&Plllary water. Water held in the soxl ve the phrea
soll water above hYdl'OSCOPlC moxsture and below the

Carbonate. A sedxment formed by the orgamc or dm tation from aqu
solution of carbonates of calcxum, magneslum, or iron (2). ‘ [

- Carbonate rocks A rock consxstmg chlefly of carbo at
dolornite @.

‘ Coefﬁcient of transmxsthy. See trans‘ issiv 2)e

Collmd. E.xtremely small sohd partncles, 0.000l to l
out of a solution; intermediate between a true dlSSOlV a: |
which will settle out of solution (2). o o |

Cone of depression (COD). A depressxon in the ground-wat«er table or potentlometnc

surface that has the shape of an inverted cone and develops around a well from Wthh |
water is being withdrawn. It defines (in cross-section) the area of mfluence of a well
Also called pumpmg cone and cone of drawdown (COD) (1 2) |

Conﬂned aqmier An aqu;fer bounded above |
lower permeabxhty than the aquer medxa, or one co itair ned gr (”l“)‘
An aquifer in which ground water is under pressure sxgmflcantly greater than atmospherxc
and lts upper limit 1s the bottom of a bed of dlstmctly lower hyrauhc ‘conductivity than

that oi the aqulier itself.

Conﬂ'ﬁng Il'lit. A hydrogeologxc umt of relatwely 1m“ ]
more aquxfers. ‘l'hxs xs a general term that has replaced aqmtard aqunfuge and aqmclude




,and is synonymous thh conﬁmng bed (l) A body of matenal of low hydraulrc |
: conductrvxty that is stratxgraphncally adjacent to one or, more aquxfers. It may lie above .

. or below the aquifer (3).

- Connate water. Ground water entrapped in the 1nterst1ces of a sedrmentary or extrusive

1gneous rock at the txme of its deposmon (1)

Consolidated aqunfer. An aqux:fer made up of consolxdated rock that has: undergone

) sohdxfxcatron or lnthnﬂcatxon.

Contaminant. An undesxrable substance not: normally present, or an usually hxgh
concentratxon of a naturally occurrmg substance, in water, soil, or other envnronmental
medium (1).

Contammatron. ‘l'he degradatlon of natural water qualxty as a result of man's actrvmes.-
There is no xmphcatxon of any specific limits, since the degree of permxssrble

- 'contamxnatron depends upon the mtended end use, or uses, of the water (2).

Convectrve transport The component of movement of heat or mass 1nduced by thermal

‘ gradxents in _ground water (see advectxon).

. Cntena, WHPA. Conceptual standards that form the basis for WHPA dehneatlon. WHPA‘ -
criteria can include distance, drawdown, time of travel, assxmxlatxve capacity, and flow

boundaries.

~

Critical Aquxfer Protection Area (CAPA) As defined in the Safe Drmkmg Water Act, is
() all or part of an area located within an area for which an apphcatlon of desxgnatxon as
a sole or principal source aquxfer (pursuant to- Sectlon 1424(e)) has been submxtted and
approved by the Admxmstrator not later than 24 months after the date of enactment and

- which satisfies the criteria establrshed by the Admmxstrator, and (2) all or part of an area

o

that is within an aquifer desxgnated as a sole source aquifer (SSA), as of the date of

enactment of the Safe Drmkmg Water Act Amendments of 1986, and for which an

areawide ground-water protection plan has been approved under Section 208 of the Clean -

Water Act prior to such enactrnent.

Darcy's law. An empmcally derxved equation for the flow of fluids through porous media.

It is based on the assumptlons that flow is laminar and inertia can be neglected, and states:

that velocxty of flow is dxrectly proportlonal to hydrauhc gradnent (see specmc dlscharge)

Delay txme Duratxon of time for contam:nant or water to move from poxnt oi concern to
the well; analogous to trme-oi-travel. '

. C.j




Denslty. Matter asured as mass per unit volume expressed in pounds per gallon (lb/gal), |
_pounds per cubxc oot (lb/ft3), and krlograms per

«'quantity of a sub ance per umt volurne. Unl
per’ cubxc centune r (3) o

Deeorption See sorptxon, whxch 1s the reverse process. -
Dtifusmn coeﬁrclent. See molecular dxffusmn. o

“ Diﬁusi\uty, soil water ‘l'he hydraullc conductxvxty divided by the dlfferentlal water

capacity, or the flux of water per unit gradient of moxsture content in the absence of
~other force fields (l) |

Direct precxpitatlon Water that falls dlrectly mto ﬂ a
through any land phase of the runoff cycle (3)

Drscharge area. An area in Wthh ground water 1s dx
water, or atmosphere (1) An area in which there are upward components of hydraulzc

head In the aquifer. Ground water is :Elowmg toward the surface in a discharge areaand

may escape as a sp rmg, seep, or base flow, or by evaPOratlon and tranSeratlon (33 ]

Dzscharge velocxty. An apparent velocxty, calculated by Darcy's law, whxch represents the - o

flow rate at Wthh water would move through an aqurfer 1f

waquer were an open
conduit.. Also called specmc dxscharge (3)

b i ]

Dlspersmn. The spreadmg and rmxlng of chemxcal constltuents in ground water caused by E

diffusxon and mxxmg due to ITIlCl‘OSCOpIC variations m velo:.mes ‘within and between» ‘
pores (2).

Dlsperslon coefﬁc:ent. A measure of the spreadmg of a ﬂowmg substance due to the

nature of the porous medium (and specmc substance or fluid propertles), thh |
interconnected channels distributed at random in all dxrectlons Also the sum of thew
coefficxents of mechamcal dlsperslon and molecular diffusion in a porous medxum (l) }

stpersivxty A pr “perty of a porous rnedlum (and t‘e “spec1 ic substance or ﬂuxd) that‘ :

determmes the drspersmn characteristics of the contaminant in that medxum bywrelaﬂtlng” -

the components of pore velocxty to the dxspersxo coeffici

Distribution coefficient. The quantity of a solute sorbed per unlt welght of a solld d1v1ded :

by the quantity dissolved in water per umt volume of water (l) “‘1

Drainage basin. The land area from which surface ru o a stream system (3).
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- Drawdown “The verncal dlstance ground-water elevation is lowered, or the amount

pressure head is reduced, due to the removal ~of ground water._ Also the decline’ in

k potentlometr‘ic surface caused by the thhdrawal of water from a hydrogeologxc unit ( 1. |
The distance between the static water level and the surface of the cone of depression (2).

A lowermg of the water table of an unconfmed aquifer or the potentlometrlc surface of a

- confined aquxfer caused by pumping of ground water from wells (3).

Dynarmc eqmlibrium. A condmon of which the amount of recharge to an aqulfer equals

| the amount of natural dxscharge (3)

' 'Eﬁectwe porosity. The amount of mterconnected pore space through whlch ﬂuxds can

A

'pass, expressed as a percent of bulk volume. Part of the total porosity will be occupied by
- static fluid bemg held to the mineral surface by surface tens:on, so effectlve porosity will

be less than total porosity (3).

Efﬂuent stream. See gaining stream.

'Equxpotentlal line. Surface (or hne) along which the potentlal is constant (1) A contourl
" line on the water table or potentnometrlc surface; a line along which the pressure head of
ground water in an aquifer is the same. Fluxd flow is normal to these lines in the dxrectlon L

of decreasxng fluid potential (2). Alineina two-dlmensxonal ground-water flow :held such
that the total hydraulic head is the same for all pomts along the line (3)

- Equipotential surface (lme) A surface (or line) in a three-dxmensxonal ground-water flow

fxeld such that the total hydraulxc head is the same everywhere on the surface (3).

Evapotranspxratxon. Combined loss of water from a land area, during a specxﬁed perlod of

- time, through evaporatxon from the soil and transplratlon of plants (2). The sum of

evaporatlon plus transplratlon (3).

Evapotranspiration, actual. The evaporatlon that actually occurs under glven chmatlc and
soil-moisture conditions (3) ‘

Evapotranspu'atlon, potentnal ‘l'he evapotransplratlon that would occur under ngen

" climatic conditions if there were unlxmlted soil moisture 3. .

Exchange capacity. Amount of exchangeable ions, measured in mxllxequxvalents per 100
grams of solid material at a given PH. The total ionic. charge of the adsorptlon complex
active in’ the adsorptlon of i ions (see cation exchange) (1).




Fiasure A surface of a fracture or crack in a rock along whxch there xs a dxstxnct s ‘ |
separatiop (l}) :

conditions (1). Line ir

| mod-eling domam ‘usmg‘numencal meth “to arri
differential equatron of ground-water ﬂow. e

Flow net. A graphxcal representatxon of ﬂow hnes and eqmpotentxal hnes for two-w
dimensional, steady-state ground-water ﬂow (1). |

Flow pam. Subsurface course a water molecule or solute would follow in a given ground-w S
water velocity fxeld (1) g

Flow, steady. A characterxstxc of a ﬂow system, where the magmtude and dnrectnon of | |
specifxc dxscharge are constant in time at wa"Y pomt ( 1) o

Flow, miform A characterxstxc of a ﬂow system where p
magnitude and direction at any point (l)

o

Flow, lnsteady (nonsteady) A charactenstxc of a ﬂow sys1 )em there the magmtude‘ e
and/or dxrectxon of the specxﬁc dxscharge changes thh tlme (l)

Flow velocity. See specific discharge. B ' - ‘ {
Fluid potential. Mechanical energy per unit mass of a fluid at any gwen point in space o
and txme, with regard to an arbltrary state and datum (1)

Flux. See specrfxc dxscharge. h

Formatmn. A body of rock of consxderable thxckness th
distxnguishable :Erom adjacent rock unxt.

Fractm*e A general term for any brealqn a rock whxch mcludes c acks, )omts and faults (4)

Gaimng stream. A stream or reach of a stream, the ﬂow of W]thh 1s bemg mcreased by
mﬂow Df 8gr ound water -‘ MSO known as an effluent stream (3)‘“ ’ et - S

‘Glac“ﬂ d“ft- A general term ior unconsohdated ‘sedxment tr«insported by glacners and
depos;ted dxrectly on land or in the sea (2) N




GPD. Gallons per day, a measure of the w1thdrawal rate of a well. ), o . : S

Gravntatlonaléhead Component of total hydraullc head related to the posltlon of a gwen |
masssof water relatwe to an arbxtrary datum (l) ‘ "

Gravuatxonal water Water that moves mto, through, or out of a SOll or rock mass under
the influence of gravity (1).

 Ground water. That part of the subsurface water that is in the saturated zone (l) The

water contained in interconnected pores located ‘below the water table in ‘an uncon:hned

N aquifer or located in a confined aqurfer (3). -

L ‘ .

Ground-water barrier. Rock or art1f1c1al materxal with a relatlvely low permeablllty that |
occurs. (or is placed) below ground surface, where it 1mpedes the movement of ground '
water and thus causes a pronounced dlfference 1n the heads on. opposxte sldes of the

' barrier (1).

'Gerater basin. 'General ‘term used to define a ground-water 'flow system that has

defined boundaries and may mclude more than one aquifer underlain . by permeable’

‘materials that are capable of storing or furmshmg a sxgnmcant water supply. The basin '

includes both the surface area and the permeable materxals beneath .lt . A rather vague
designation pertaining to a ground-water reservoir that is more. or less separate from

neighboring ground-water reservoirs. A ground-water basin could be separated from

ad]acent basms by geologlc boundarles or by hydrologic boundarles 3). -

‘Ground water, conimed Ground water within an aqulfer that underlles a conﬁmng l.ll'llt.
‘ Ground-water dnscharge. | Flow of water released from the zone of saturatxon (l)

‘Ground-water divide. . Rldge in the water table, or potentnometrlc surface, from which

. .ground water moves away at rlght angles in both’ dxrectlons (l) Line of hlghest hydraullc

head in the water table or potentnometrlc surface. ‘

Ground-water ﬂow. T he movement of water through openmgs in sedxment and rock that |
occurs in the zone of saturatlon (l) | ' |

Ground-water model. A sxmpllfled conceptual or mathematlcal image of a ground-water '

. .system, descrxblng the feature essentlal to the purpose for which the model was developed' ,

and. 1nclud1ng various assumptions pertlnent to ‘the system. Mathematlcal ground-water
models can include numerlcal and analytxcal models. ' o '
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" Ground-water mound. " Raised area in a“ water tab e o
" crea ted -by ground-water recharge. | T

\Grotnd-water re‘charge. Process of water addxtnon to ‘the msamrated zone, or the volume ]

of water added by ﬂ'l.ls process (l)

Head, statlc. The helght above a standard datum of the surfal.e of a column of water (or
other liquid) that can be supported by the statlc pressure ata ngen pomt. The static head
is the sum of the elevation head and the pressure head(1). . e e e

Head, total. The sum of the elevation head (dlstance of a pomt abov‘ datum), the
pressure head (the helght of a column of hqu;d that can be supported by statle pressure at
the point), and the velocity head (the height to which the llquxd can be raxsed by its
kinetic energy) (1). See also hydraulic head.

‘ l ‘ o
Heterogeneity. Characterlstxc of a medxum in Wthh materxal propertles vary from pomt
to polnt (1. N

Homegeneity Characterlstxc of a medlum m whnch materlal propertxes are xdentlcal
| throughout (1). ' ' g

Hydraulic barner. | Modlﬁcatlons to a ground-water ﬂow system that restrxct or 1mpede
movement of contaminants (1. Xl

Hydraulic conductivity (K). Proportionality constant relaung hydrauhc gradlent to
specific dlscharge, which for an lSOtl’Op.lC medlum an fluxd, equals the
volume of water at the exxstmg klnematlc viscosity th unit
unit ‘hydraulic gradlent through a unit area measured at rlght angles to the dxrectlon of
flow (1). The rate of flow of water in gallons per day through a cross section oi one
square foot under a unit hydraulic gradient, at the prevailmg temperature (gpd/ftz) In
the Standard International System, the units are -m3/day/m2 or m/day 2. A coeffncxent
of proportionality describing the rate at Wthh water can move through a permeable

under a N

medium. The densxty and kmematxc vmcosxty of th

nsid rﬁd i
determining hydraullc conductlvxty (2) |




v
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‘ dnrectxon of the maximum rate of decrease in head (. The rate of change in total head

| __per unit of ‘?dxstance of ﬂow m a given dxrectxon (2) The change in total head with a
.change in distance in a ngen direction. The direction is that which yields a maximum
rate of decrease in head (3). The dxfference in hydraulxc heads (hy - hz), divided by the

~ distance (L) along the flowpath.
i= (h1-hp) /L

Hydrauhc head. Helght above a datum plane (such as mean sea level) of the column of .

, water that can be supported by the- hydrauhc pressure at a given pomt in a ground-water
system. Equal to the dxstance between the water level in a well and the datum plane (1).

' ‘Hydrodynamlc dlspers;on. Spreadmg (at the macroscopnc level) of the solute front during
transport resultnng from both mechamcal dxspersxon and molecular dxﬁusxon (). The

process by which ground water contaxmng a solute xs diluted with uncontammated ground '

- water as 1t moves through an aquxfer (see dispersion coefficient) (3)

Hydrogeolognc. Those factors that deal thh subsurface waters and related geologxc (

- aspects of surface waters (2).

Hydrogeologic parameters. Numerical parameters ‘that descrlbe the hydrogeologxc
characteristics of an aquxfer such as porosxty, permeablhty, and transmlssnvxty

. -Hydrogeologic unit. Any soil or rock unit or zone that because of its hydraullc propertxes
has a distinct’ influence on the storage or movement of ground water (l) '

Hydrostatxc pressure. Pressure exerted by the wexght of water at any gwen point in a .

‘body of water at rest (1).

.Immxscnble. The chemical property where two or more hquxds or phases do not readily

dissolve in one another, such as oil and water (l)

' lmpermeabxhty Charactenstxc of geologxc materxals that limit their ability to transmlt
significant quantities of water under the pressure differences normally found in the
_subsurface environment (1).

lnﬁltranon. The downward entry of water into soil or rock (1).

lnﬁltratxon rate. Rate at whach soxl or rock under specmed condmons absorbs falhng'

- rain, meltlng snow, or surface water, expressed in depth of water per unit time. Also, the

maximum rate at whxch water can enter soil or rock under specmed condmons, including

the presence of an excess of water, expressed in units of velocxty (1).

c-11




Influent stream See losing stream.

hterferenoe The result of two or more pumpmg wells, the- drawdown cones of whu:h ‘
*intercept. At a given location, the total well Jinterference is the sum of the drawdowns
due to-each individual well (3). The condxtion occurring when the area of influence ofa
water well comes into contact thh or overlaps that‘: rmg well, as when two

wells are pumping from the same aquer or are located near each other (2)

Interstice. An opening or space in rock or soil that may be occup:ed by anr, water, or
other fluid; synonymous with void or pore (1).

C . gm . u‘ \ Sk x:l T“\
‘Intrinsic permeability. Pertammg to the relatlve ease WlthwWthh wa‘ porous medlum can
transmit a liquid under a hydrauhc or potentlal gradient. lt isa property of ‘the porous
medium and is mdependent of the nature of the lxquld o th po

Ion. Any element or compound that has gamed or lost an electron, so that 1t is no longer

neutral electrxcally, but carrles a charge (2) I R I

lsochrone. Plotted hne graphically connectmg all _points having the same time of travel
for contamxnants to move through the saturated zone and rea - ]‘ “

‘Isoooncenttation Graphlc plot of pomts havmg the ‘same 1.ontam1nant ¢'oncentration

Isotropy. The conditlon in wluch the propertles of mterest (generally hydraullc propertles ‘
of the aquer) are the same in all dlrectlons (l) e Ty "

Karst topography. A type of terram that 1s formed on llmestone, gypsum, and other rocks
by dissolutlon, and is characterlzed by smkholes, caves, and undcerground dramage (1)

Kxnematic vxsoosity. The ratio of dynamic vxscosxty to mass density. It is obtamed by
dividing dynamic viscosity by the fluid densxty. Units of kmematlc viscosity are square
meters per second (2). :

Laminar flow. Fluxd flow in whxch the head loss is proportxonal to the:flrst power of the
velocity; synonymous with streamhne flow and 'viscous flo tr lines
distinct and the flow directions at every pomt remain unchanged thh tnme. lt is v
characteristic of the movement of ground water (1). Type of flow in which the fluid -
particles follow paths that are smooth, stralght, and parallel to the channel walls. In
laminar flow, the vxscosxty of the fluxd damps out turbulent motion. Compare M\vithw

turbulent flow (2).
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Leaching. Removal of materlals in solutnon from rock, SOll, or waste; separatnon or
dlssolvmg out of soluble constltuents from a porous medmm by percolatlon of water (1).

L l.ea’kag . Flow of water from one hydrogedlogic umt to another. This may be natural, as .

a@"‘ .

through a somewhat permeable confxmng layer, or anthropogemc, as through an uncased
well. It may also be the natural loss of water from artnfxcxal structures, asa result of
hydrostatic pressure (1). '

Leaky aquifer. An artesian or water table aquifer that loses or gains water through
ad;acent semxpermeable conflmng units (l) ‘

Limestone. A sedimentary rock consmtmg chlefly of calcxum carbonate, pnmarxly m the |

~form of the mlneral calcite (1).

-Losing stream. A stream or reach of a stream that is losmg water by seepage into the
: ground. Also known as an mﬂuent stream (3) ' -

s Matnx. Solid framework ofa porous materlal or system (l)

Maximum Contaminant Level (MCL). Maxlmum permissible level of a contammant in

 water that is delivered to the users of a public water system. MCL is: detlned more - |

exphcltly in SDWA regulations (40 CFR Section 1#1.2)

_ MCL. See Maximum Contammant Level.‘ J

t

Mechamcal dlspersnon. Process whereby solutes are mechanically mixed during advective

" transport, caused by the velocrty variations at the mlcroscopxc level; synonymous with

hydrauhc dispersion (1. ‘l'he coefficient of mechanical dxspersxon is the component of

mass transport flux of solutes caused by velocrty varlatxons at the mxcroscopxc level (1).

{

MGD. Mxlhon gallons per day, a measure of the thhdrawal rate of a well.

E Miscible. Chemxcal characterxstlc of two or more liquids or phases, maklng them able to
mix and dissolve i in each other, or form one phase (1. ‘

Mnsczble dnsplacement. Mutual mlxlng and movement of two fluids that are’ soluble in
each other, synonymous with miscible-phase dlsplacernent (0.

~ Molecular diffusion. Process i ln which solutes are transported at the mlcroscoplc level due_‘

to variations in the solute concentratlons w1thm ‘the fluid phases (1). Dlspersmn of a

_chemlcal caused by the kinetic acthty of the 1omc or molecular constxtuents (2)
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Nonpolnt source, A source dxschargmg pollutants into the en
polnt (l)t A '

lbbwvatson well A well drllled in a selected locatlon for_the’ purpose of observmg l

parameters such as water levels and pressure changes (). ﬁs nonpumping well used to X
observe the elevation of the water table or the potentiometric surface. An observation
well is generally of larger diameter than a piezometer and typically is screened or slotted »

throughout the thxckness of the aquer (3)

Pararneter. See hydrogeologrc parameter.

H‘ o Kk

‘ an the full thlckness of
the aquxfer (2) A well constructed in such a way that it draws water directly from a
‘fractlonal part of the total thickness of the -aquifer. The fractional part may be located

at the top, the bottom, or anywhere else in the aquifer (3) b e

Partlwlate transport. Movement of undxssolved parncles in sub surface water (l)m —

Peclet number Relatxonshxp between the advectlve and dxffu'nve _components of- solute
transport; expressed as the ratio of the product of the average interstitial velocity and
the characterxstrc length, dlwded by the coefficient of molecular diffusion. Small values
indicate diffusxon dommates, large values mdncate advection dommates . .

Perched water. Unconfmed ground water separated from an underlymg main body of
ground water by anunsaturated zone (2. = R R IEER IR B R E

Percolation. Downward movement of water through the unsaturated zone; also defined as
the downward flow of water in saturated or nearly saturated porous media at hydraulic
, gradients of 1.0 or less (1). The act of water seeping or filtering through the soil without

- a definite channel (2) e

Permeabxhty. Abllxty of a porous medxum to transmit. fluxds under a hydrauhc gradlent | E
(1). The property or capacrty of a porous mitting a fluid;
Citisa measure of the relatxve ease of flund '

Permeability mefﬁment. Rate of ﬂow of water through a uni
a unit hydraulxc gradlent at the prevaxhng temperature (ﬁeld per
ad)usted to 15 degrees c ).

ility coefficient), or




Permeablhty, eﬁective. Observed permeabllxty of a porous medium to one fluid phase,i
under condmons of physxcal lnteractlon between the phase and other fluid phases present

w.*

Permeability, intrinsic. Relatwe ease with which porous - medium can transmit a ﬂUld

under a potentxal gradlent, as a property of the medium itself. Property of a medium

expresslng the relative ease with which ﬂunds can pass through it (l)

: pH A measure of the acidity or alkahmty of a solution, numerlcally equal to 7 for

neutral solutions, increasing with mcreasmg alkallmty and decreasing with 1ncreasmg
 acidity. Originally stood for "potential of hydrogen" (2).

Phreatxc water. See saturated zone,

: Ple,zometrlc surface. See potentiometric surface.

Point source. Any dlscermble, confmed, or discrete conveyance from which pollutants are
or may be discharged, including (but not limited to) pipes, ditches, channels, tunnels, -
'condmts, wells, contamers, rolhng stock, concentrated animal feedxng operations, or,

: vessels (1).

Pollutant. Any solute or cause of change in physxcal properties that renders water unflt
" for a given use (3).

Pollution. When the contamxnatlon concentration levels restrlct the potentlal use of ’

ground water (2)

Pore. See interstice.

(1.

Porosity (n). Ratio of the total volume of voids available for fluid transmlssion to the

total volume of a porous medium. Also the ratio of the volume of the vozds of a soil or |

‘rock mass that can be drained by gravity to the total volume of the mass (1).. The
‘percentage of the bulk volume of a rock or soil that is occupied by mterstlces, whether

isolated or connected (2). The ratlo of the volume of void spaces in a rock or sediment to.
the total volume of the rock or sediment (3). Porosity may be primary, formed durmg‘

deposmon or cementatxon ‘of the material, or secondary, formed after deposmon or

¥ cementation, such as iractures.

Potable water. Suxtable ior human consumption as drinking water (1.

C-15

Pore space Total space in an aquifer medium not occupied by solid soil or. rock particles -




Potential Any of several scalar varlables, each mvolvmg energy asa functnon of posmon |
or condltnon, of relevance here is the fluid potential of ground water (l)

tial hnes (.

‘ -
Potentxal drop leference in total head between two equxpotel

Potentiometric surface A surface that represents the level to whlch water wxll rise in

tightly cased wells. If the head varies szgnlﬂcantly thh deptlh m“the aquﬁer, then there

may be more than one potentiometric surface. The water table is a partlcular
- potentiometric surface for an unconfmed aqu1fer (3) B

of a column of water that the pressure can support (l)

oy n ]
Pr&sure, statxc. Pressure exerted by a fluxd at rest (1)

Public water supply system. System for provxslon to the}publu‘ of plped water Hfor hulman
: consumptlon, if such system has at least 15 servxce conn ctl ns or regularly serves at
least 25 individuals daily or at least 60 days out of the yea T he term mcludeslany

Pressure head. Hydrostatxc pressure expressed as the hexght (above a measurement pomt) o

collection, treatment, storage, and dlstributlon facxlltxes under control of the operator of

such system and used prlmanly in connectlon \Vl'th the system, an‘dﬂ any collectlon or
pretreatment storage faclhtles not under such control that ~are “ used mprlmarlly ln
connection with the system.‘ |

A tCSt made b)' pump mg a well for a perxod Of tlme and observjmg the change in hydraullc o

head in the aquifer. A pump test may be used to determme the capacxty of the well. and
the hydraulic characterlstxcs of the aquxfer. Also called aquxfer test (3)

Radms of mﬂuence “The radlal dlstance from the cente
there is no lowermg of the water table or potentlometrlc surfa L

depression) (2).

e edge of its cone of

Recharge (r). The addmon of water to the zone of saturatlon, also, the amount of waterw

added. Can be expressed as a rate (1.e., m/yr) ora volume (2) -

y‘_surface mflltratlom

Recharge area. Area in which water reaches the zone of satu

(1). An area in whxch there are downward components of hydl aulic head in the aquxfer.‘ T

lnfxltratxon moves downward into the deeper parts of an aquxfer ina recharge area‘(3)




v
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Rednrge basm A basm or pit excavated to provxde a means of allowmg water to soak :

mto the ground at rates exceedmg those that would occur naturally (2)
t

Runoff. That part of precxpitatnon ﬂowmg to surface streams (l) The total amount of .

water ﬂowmg 1n a stream. It includes overland flow, return flow, mterﬂow, and
baseﬂow (2) ’ ' ' '

Saturated zone. Portnon of the subsurface environment in \Vthh all voids are 1deally fllled

. with water under pressure greater than atmospheric (1). The zone in which the voids in
“ the rock or soil are filled with water at a pressure greater than atmospheric. The water
‘table is the top of the saturated zone in an unconfined aquifer (3). Also called “the

phreatic zone.

SDWA. Safe Drlnklng Water Act.

' Semiconfined. An aquifer that has a "leaky" confmmg unit and dlsplays characterxstxcs of

both conflned and unconfined ‘aquifers (see leaky aquxfer) (1).

Sole Source Aqul.fer (SSA). An aquifer that is the sole or principal source of drmkmg

water, as estabhshed under Sectxon l#24(e) of the SDWA.

- Solute transport. Net flux of solute through a hydrogeologxc unit, controlled by the ﬂow
: o:E subsurface water and transport mechanxsms (l) - : ’

Solute transport model Mathematlcal model used to predlct the movement of solutes :
' (generally contaminants) i in an aquxier through txme. - :

Solution channel. Tubular or planar channel :Eormed by solutlon in carbonate—rock‘

terraxns, usually along )omts and bedding planes (%)

' Sorptlon. Processes that remove solutes from the fluid’ phase and concentrate them on
. the solid phase of a medxum- used to encompass absorptlon and adsorption (l) ‘

Specxﬁc dnscharge. The volume of water flowmg through a unit cross-sectlonal area of an
. aquifer (1).

Specific yneld. The ratio of the volume of water that a glven mass of saturated rock or
soil will yxeld by gravxty to the volume of that mass. Thxs ratio is stated as a

percentage ().

I .

Recharge boundary An aquxfer system boundary that adds water to the aquxfer. Streams :
" and lakes are typlcal recharge boundarles (V) ‘ a

| mom




Spring. Discrete place where ground water ﬂows naturally irom rock or soil onto the land
surface or into a surface-water body (1). :

SSA See Sole Source Aqulfer.

Stagnatson point A place in a ground-water flow fxeld at whuch the ground water is not )
~moving. The magnitude of vectors of hydraulic head at the point are equal but opposxte in
direction (3), - Ca

Staﬁc head. See head, static.

' el IR IR AT TR TRy ‘ e
State. Includes, in addition to the several States, only the District of Columbxa, Guam,
the Commonwealth of Puerto Rico, the Northern Mariana Islands, the Virgin Islands,
American Samoa, and the Trust ‘l'errltory of the Pacific lslands. ‘

State Wellhead Protectlon Program Program to protect wellhead protectxon areas within

a State's jurisdiction from contaminants that may have any adverse effects on the health
of persons (SDWA, subsection l#28(a)) s

Static 'ater level. jl'he level of water in a well that is not benng affected by withdrawal
of ground water @.

. &
e
i '

Storage ooefﬁclent. Volume of water an aquxfer releases from ~or_takes into storage per

unit surface (or subsurface) area per unit change in head (l) o

Storage, speciﬁc. ‘l’he amount of water released from or taken into storage per unit
volume of a porous medxum per unit change in head (3)

Storativity (s). A dimenslonless term representmg the volume of water an aquifer
releases from or takes into storage per unit surface area of the aquifer per unit change in
head., It is equal to the product of specific storage and aquifer thickness. In an

uncohfxned aquifer, the storativity is equivalent to the speclfxc yield. Also called storage
coeffxczent (3). :

Time of travel (TOT) : ‘l'he time requnred for a contammant tom
from a specxfic point to a well. ’

TOT. Seetxmeoftravel. o “ I “3 T . .

Transmissivity (t). Rate at which water of the prevaxhng, _kinematic viscosity ' is
transmitted through a unit width of the aquxfer under a unit hydraulic gradient. It is equal : iﬁ :
to an integration of the hydraulic conductxvmes across the saturated part of the aquifer

perpendxcular to the ﬂow paths (1). The rate at whxch water is transmxtted through 3 unit
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~ width oi an aquxier under a umt hydrauhc gradnent. Transmissivity values are 'given in

gallons per rnmute through a vertlcal section of an aqu;fer 1 foot wxde and extendmg the

full® saturated height of an aqu1fer under a hydrauhc gradient of one in ‘the English = -

Engineering system; in the Standard lnternatxonal System, transmxssthy is given in cubic
meters per day through a vertical section of an aquxfer 1 meter wide and extendxng the

“full saturated hexght of an aquxfer under a hydrauhc gradxent of one (2). It isa functxon of
propernes of the hquxd, the porous medna, and the thxckness of the porous medra (3).

Transport Conveyance of solutes and partxcles in ﬂow systems (l)

Turbulent ﬂow. Water flow in which the ﬂow lines are confused and heterogeneously
" mixed. It is typxcal of flow in surface water bodxes 2. That type of flow in which the
fluid particles move along very irregular paths. Momentum can be exchanged between

one portion of the fluid and another. Compare w1th laminar flow (3)

UIC. See Underground Inlectxon Control.

Unconﬁned Condmons in which the upper surface of the zone of saturatxon forms a. S
water table under atmospherxc pressure (0.

'Unconsohdated aquxfer. An aquifer made up of loose materxal, such as sand or gravel,
' that has not undergone hthmcatxon. ' T

A Underground ln)ectxon Control (UlC) The regulatlons for m)ectxon wells. The program e

provxdes grants to States under Section 1443(b) of SDWA.

Unsaturated ﬂow. Movement of water in a porous medmm in whlch the pore spaces are
- not filled with water (1). '

- 'Unsaturated zone. The zone between the land surface and the deepest or reglonal water’ "
_table. It 1ncludes the root zone, mtermedxate zone, and capxllary fringe. The pore spaces .

contain water, as well as air and other gases at less than atmospheric pressure. Saturated

“bodies, such” as perched ground water, may exist in the unsaturated’ zone, and water
pressure within these may be greater than atmospherxc (l) Same as vadose zone. -

Vadose zone. See unsaturated zone. '

'Velocxty, average interstitial (v) Average rate of ground-water flow in mterstxces,
'expressed as the product of hydrauhc conductivity and hydrauhc gradlent divided by the
effective  porosity. It is synonymous with average linear ground-water velocity or
‘ ‘effective velocity (1). ' ( '
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wlth resgect 1o an ; aqulfer ora dramage basm (3)

v Vater table. Upper surface of a zone of saturatron, where thazt surface 1s not formecl by a - N

zone of saturation and then measurmg

'ell ﬁeld. An area contammg two or more wells supplylng a pubhc water supply systr,m. , | |
'Iellﬁeld Synonymous Wlth well ileld. , h

Well, fully penetratmg A well drllled to the bottom of an aq
| way that xt withdraws water from ‘the entire thickness of the aquxfer“f(B)

constructe m such

Wellhead ’l’he ph f“sxcal structure, fac i
which ground water ﬂows or is pumped :Erom subsurface,

 Wellhead Pmecuon Area (WHPA) ‘l’he surface and s

water-bearing formations.

a water

well or well fxeld, supplying a public water system, through which contammants are

|

reasonably likely to move toward and reach such water well or well fxeld.

Well interierence See mterference.‘ .

Well sceen A fxltermg devxce used to keep sedxment from enbermgwa water well (2)

Well yleld. The volume of water dxscharged from a well in 1allons per mmute or cub1
meters per day (2) |

WHPA. See Wellhead Protectxon Area.
ZOC. See zone of contrlbutxon. -

ZOoL See zone of mﬂuence.‘ B
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Zone of Transport (ZO‘l') The area surroundmg a pumping well, bounded by an 1sochrone
“and/or 1socuncentratxon contour, through whxch a contammant may travel and reach ‘the
well. » i o e

- ZOT. Seé‘zo'neof'tx‘anspoit.. B o . B - S S {
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: APPENDI\X D _ ‘

MODEL “ASSESSME.NT FOR DELINEATING 'ELL HEAD PRO‘I'EC‘I'ION AREAS

. v | ; ‘ Excerpt From ‘Draft Report '

v Included in thxs appendix are an edlted version oi the Executwe Summary and a hst »

| of models from thxs draft report, prepared by Paul K.M. van der Hex)de and Milovan S.

'Belpn of- the Internatxonal Ground Water Modehng Center at the Holcomb Research

" Institute, at Butler- Unvxersxty, Indianapolis, Indiana. This report was prepared at the

request of the Office of Ground-Water Protectxon through a Cooperative Agreement

. between Hoicomb Research Instltute .and the Oﬁxce of Research and Development at.
EPA. Management of this effort was provided by the Robert S. Kerr Envxronmental -

‘ Research Laboratory, Ada, Oklahoma. ‘l'he ﬁnal report will be avaxlable soon.




models in Wthh the causal relatlonshlps among vanous components of the system and ltS |

EXECUTIVE SUMMARY

k3

‘5 ' .
One element o:f the 1986 Amendments to king Water Ac:t (SDWA) of

‘19714 is the protection of wellhead areas from contaminants that ‘may have an adverse )
eifect on public health. In establishing wellhead protectlon areas (WHPA's), many factors ‘
need to be considered, xncludmg'

0 | ane o fluence around a w

‘® Presence f interfermg nelghborlng wells or well flelds - e

L Water table drawdown by the wells or well field

. Varxous sources of contammatlon inthe well recharge area (not necessarily the

gy

@  Flow paths, transport Velocmes, and travel tlmes For” varlous c:ontammants R

same as its zone of influence)

vunder var‘ous hydrologlc: condlt ns. _

To determine a sxte-specmc WHPA, a systematlc, ‘analytic approach is necessary; !
mathematxcal s:mulatlon models provxde a vxable and often the only method to determme ‘
the WHPA when quantitative criteria are used. Such models ar Wuseful mstruments in
understanding the mechanisms of ground-water systems and th«- processes “that mﬂuence
their quality. Through their predictive capablhtxes, models pl ‘ovide a means to analyze
the response of the sxte-specxﬁc system to varjous management alternatlves and potentlal
public health threats. “

Thls report 1s almed at provxdmg mformatlon on exls

delineation study. Although physlcal ground-water modelsm can be useful for studymg
certain problems, the present focus is on mathematncal flow and (:ontammant transport

chemical quality of ground water- hydrochemlcal models descrlblng equnllbrmm reactlons |
or reaction kinetics, and models that sxmulate solute transport and :fate. Solute transport




‘l'he ma;or crltena in selectmg a model for a partlcular szte-specmc WHPA |
delmeatlon are ‘the model's suxtablhty for the mtended use, reliability, and efficient -
apphcation. A model's efficiency is determmed by the aVaxlabllxty of its code and
documentatlon, and its usablhty, portabxlxty, and modlfxablllty. A perfect match rarely o

-. exists between desxred characterxstxcs and those of avaxlable models. Reassessment of: .

the selectxon criteria and their relatxve wexght is often necessary. -

A ma)or issue in model use is credlblhty, wluch is based on its proven rehablhty and

‘the extent of its use. Iti is often assumed that most program errors originally’ present ina

widely used program have been detected and corrected. Successful prior apphcatlons ofa
' program in situations comparable to that for Wthh it has been selected mcrease
confldence in its apphcabllxty to the new sxtuatxon. ' ' '

A model's credibility can be evaluated in terms of the level of review and testmg -
apphed to 1t and by evaluatmg the success rate of 1ts use. Testmg a code mvolves two
phases- ‘ '

N Verlﬁcatlon to check accuracy and assure that the code is fully operatlonal,

B

7. i Fleld validation to determme how well the model's theoretlcal foundatxon
descrlbes the actual system behavxor that the rnodel has been desxgned to
sxmulate. ’

Many of the avallable models have not been subjected to an extensive rev1ew and K

test procedure. Revxews have often been limited to- Ppeer review of theory and pro,ect
. reportmg. Though most models have- undergone some verlhcatlon, the results of this are

: '-”rarely reported, especxally for the more complex models. Only a few models are reported' )
. to have undergone extensive fleld valxdatlon. ' '

With respect to avaxlablhty of ground-water software, a distinction can be madev

". 'between PUbllC domain and. proprxetary software. Models. that are avallable w1thout

restrictions in their use and dlStl’lbUtlon are considered. to be in ‘the pUbllC domain. -
" Available proprietary software can be obtamed or accessed under certain restrxctlons for

use, dupllcatlon, and distribution.
' SELECTED MODELS

Slxty-four models were selected a computerxzed search of the model annotatlon
data bases of the Internatlonal Ground Water Modeling Center (lGWMC) ‘l'hese data
bases have been developed and mamtamed over the years thh ma)or support of EPA's

/

‘D-3.‘. ‘v :




R.S. ) Kerr Environ ental Research ‘Laboratory in Ada, OkI search was
fonowed ‘hy an evaluation of the maintenance ‘and update history of each model's code.

descriptions and detailed mformation on each model, nd
reliabiiity characteristics. |

reliability, and po abiiity. Many modelsmhave not been s\
evaluation required to rate them accordmg to the criteria presented in thlS report.‘
Addmonal activitie to flll in the mform" tion gaps m th

‘l'hough adeguate models are available
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B | ATTACHMENT |
g DE.SCRIPTION OF MODEL cnmcremsncs

The "Model Output" column in the tabulatxon presented below contams the type. of o

- mformatxon available from the model output that could be required in WHPA dehneatnon.
- The following abbreviations are used- ’ S

Al

cD

RA

. Area of Inﬂuence (the area surroundmg a pumpmg or recharging well within

which the potentxometr:c surface has been changed)

Concentratxon (concentration map of contammant throughout the sxmulated |
domain).

‘Cone of Depression (the shape of the area of influence, in cross section).

_ Fluxes.

| Pathways (path of a contaminant particle in the systerh)

Recharge Area (the permeable layer through whxch precxpltatlon and surface

- water may percolate to the aquxfet and eventually reach ‘the well)
| Travel txmes (1sochrones) | |

, Veloc;t;es (ground-water velocities).

D=5




Model Name

Model

Ho.| Author(s) Contact Address (1ast update)| Description Output Key
e
f'. S$.P. Neuman Dept. of Hydrology and ' FREESURF | Simulation of two-dimen- | Al,CD,RAF 0020
P.A. Mither~ Water Resources (1979) sional verticul or axi-
spoon University of Arizona sysmetric, stosdy-state
Tucson, AZ 835721 ’ - fiow in an anisotropic,
‘heterogensocus, confined
or water~table squitfer.
2. $.P. Neuman Dept. of Hydrology end UNSAT2 A two-dimensional finite | Al ,CO,RAF 0021
Water Resources (1979) eloment model for hori- i
University of Arizona . zontal, vertical or axi~
Tucson, AZ 85721 sysmetric simulation of
transient flow in 2 var-
iably saturatgd, noauni-
“ form, anisotropic porous
medium,
3. T.N. NHarasimhan] Battelle Pacific NW Lab TRUST To compute stoady and Al ,CD,RAF 0120
Hater and Land Resources (1981) acnsteady pressure head . .
Division distributions in multi-
P.0. Box 999 dimensionai, heteroge-
Richland, WA 99352 neous, varisbly saturst-
ed, deformadble porous
media with complex geom-
etry. . :
4, T.A. Pricketrt Consulting Water PLASM A flexible two-dimen— Al ,CO,RAF 0322
C.G. Lonnquist Rasources Enginsers (1988) sionsl or quasi-three-
6 G.H, Baker Drive dimensional, transient,
Urbanas, IL 61801 saturated flow mode! for
: single layer or multi-
layered confined, leaky
confined, or water-tadble
aquitfer systens with
oprional evapotranspira-
tion and recharge from
streams. .
5. G.F. Pinder Dept. of Civil 1SOQUAD Finite element mode! to Al ,CO,RAF 0510
E.0. Frind Enginesring (1982) simulate threo-dimen-
Princeton University sional groundwater fiow
Princeton, NJ 08540 in confined and uncon-
fined aquifers., .
8. G.F. Pinder U.S. Geological Survey AQUIFEM. To simutate transient, AlLLCO,RAF 0514
C.l. Voss Water Resources Division (1979) aresi ground water flow
Nationa! Center M.S.431 in an isotropic, hetero-
Reston, VA 22092 geneous, confined,
leaky~-confined or water
table squifer.
kS P.S. Huyakorn Geotrans, inc. GREASE 2 To study transient, mul- | AI,CO,RAF,C, 0582
205 Eiden S5t., #301 (1982) tidimensional, saturated | V ‘
Herndon, VA 22070 groundwater fiow, solute
and/or energy transport
in fractured and unfrac-
tured, anisotiropic, het-
srogeneous, muitilayered
porous media.
8. P.S. Huyskorn Geotrans, inc. SATURN 2 TJo study transient, two- | Al,CD,RAF,C, | 0583
209 Elden St,, #301 (1982) dimensional variabie v ‘ .

Herndon, VA 22070

saturated fiow and sol-

ute transport in sniso- -

tropic, heterogenenus
porous media.
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Wodel Name

Model

Model v

14,

5.

tnc. and
INTERCOMP
Resource
Development 2
Eng., inc,

C.R. Faust

. Chan
B.S. Ramada
B.M. Thompson

L.F. Konikow
«D. Bredehoeft

Lakewcod, CO. 80225

Pertormance Assessment
pt.

Office of Nuclesr Waste

isolation

Basfol le Project Mngmt.
Vo

505 King Avenue

Columbus, OH 43201

~

U.S. Geological Survey
431 Nationa! Center
Reston, VA 22092

(1985)

STFLO
(1982)

(1987)

and contaminant trans-
port in an anisotropic,
heterogensous aguifer,

A linear finite eiement
code for simulation of
steady-state, two-dimen-
siona! (aresi or verti-
cal) piane or axisymmet-
ric ground-water fiow in
nisotropic, hetero~
gensous, confined, teaky
or water-tadbie aquifers.

To simulate transient
two-dimensional, hori-
zontai_groundwater flow
and solute transport in
confined, semiconfined
water table aquifers.

Al ,CO,RAF

Al,CD,RAF,C

No.| Author(s) Contact Address (1ast vpcate)] Description Output Key
¢ . L ' :
9. P. Huyakorn Gsotrans, inc. SEFTRAN To provids simpie and " AlLCD,RAF,C, | oOsss
' . 209 Eiden St., #301 -(1983) cost-gffective analyses v,P :
- Herndon, VA 22070 - of two-dimensional .fiuid
. : fiow and contaminant or
heat transport probiems .
in sresl, cross-section-
a8l or axisymmetric cone-
-tiguration of ssturated,
heterogenecus aquifcrs. .
10. | P. Huyakorn 1GWMC TRAFRAP A finite element model AlLCO,RAF.C, 0589
, Holcomb Research (1986) to study transient, two v,pP '
Anstitute _ . dimensional, saturated
Butler University ground water fiow and
. 4500 Sunset Avenue cheaical or radionuclide
" Indisnapolis, IN 45208 transport in-fractured -
R . and unfractured, aniso-
tropic, heterogensous,.
muiti-layered porous
. oL media.
11, | J.E. Reed U.S. Geological Survey SUPERMOCK | To simulate transient ‘Al ,CO,RA 0611
.M.S. Bedinger Room 2301 . _ (1975) - stress and response in a . .
J.E. Terry Federal Bundmg saturated-unsaturated o
700 W. Capito! Ave. ' ground water flow system
Littie Rock, AR 72201 -including 8 water-rabile
‘ squifer overiying & con- '
tined amufor. '
12. 1 T.R, Knowles Texas Water GWSIM=11 A ﬂ'ansncnf, ?uo-diaen- ] Al ,CO,F,C,RA 0680
: Development Board (1981) sional, ‘horizontal mode! .
‘P.0. Box 13231 for prediction of water ’
d Austin, TX 78711 fevels and water quality
. in an anisotropic heter-
ogensous confined and
unconfined aquifer.
13. INTERA U.S. Geological Survoy SWIP/ To simuiste unsteady, . Al,CO,RAF,C, 0692
Environmental " Box 25046 Mail Stop 411 SWIPR/ - three-dimensionat . v i
Consultants, Denver Federat Center SWENT groundwater flow, heat

0694

0740
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Model Name

. Model
No. Auttg}g(s) Contact Address (iast updare)] Description Output Key
4
16. 1 S.P. Garabedian] U.S. Geological Survey FRONTRACK A finite difference AL,CDRAF,C, | 0741
L.F. Konikow 431 National Center 198%) mode! for gimulation of P,T
. Raston, VA 22092 convective transport of
8 conservative tracar
dissolved in groundwater
under steady or tran-
sient fiow conditions.
The mode! calculates
heads, velocities and
tracer particie
. positions,
. .
17. ] W.E. Sanford U.5. Geologicat Survey MOCDENSE A mode! to simulate Al CO,RAF.C, | 0742
L.F. Konikow 431 Nationai Center (1986) transport and dispersion { V .
Reston, VA 22092 of either one Or two
constituents in ground-
warer where thore is
two-dimensicnal, density
dependent fiow, it uses
finite~difterence and
method of characteris-
tics to solve the fiow
and transport qquations.
18. ] P.L. Trescort U.S. Geological Survey USGS-3D- To simuiate transient, Al ,CDRA,F 0770
L. Larson Branch of Groundwater FLOW three~dimensiona! and .
M.S. 411 Nationa! Center (1982) quasi three-dimensicnal,
Raston, VA 22092 saturated fiow in sniso-
tropic, heterogeneous
ground water systems.

19.] P.C. Trascott U.S. Geological Survey USGS~-2D- To simuiate transient, Al,CD,RAF o171
G.F. Pinger Branch of Ground Water FLOW ‘two~gdimensional hori- )

S.P. Larson M.S. 411 National Center (1976) zontal or vertica! fiow

Reston, VA 22092 in an snisorropic anag
hetrogeneous, confinad,
leaky=conf ined or water-
Tabie squifer.

204§ Mitier, t, Golder Associates GGwP Steady-state or tran- Al ,CO,RAF,C, 1010
J. Harion- 2950 Northup Way (1983) sient simulation of two- | VP, T '
Lasabart Bsilsvue, WA 98004 dimensional, vertical or

axisymmetric and quasi-
three dimensional fiow
and transport o! resc-
tive solutes in aniso-
tropic, heterogensous,
suiti-layered aguiter
systems.

21.] G. Sagol Dept. of Earth Scisnces 3-D Deteraination of concen~ | Al,CD,F,C 1070
E.O. Frina University of Waterlioo SATURATED- tration of consorvative

Waterioo, Ontario UNSATURATED ! or nonconservative soi-
Canads N2L 3G TRANSPORT ute in transieni, three-
MODEL dimensions! saturated-
(1976) unsaturated fiov sys~-
. toms.

22.1 K.R. Rushton Dept. of Civil AQU-1 Basic transient mode! Al ,CD,F 1230

L.M. Tom!inson Enginesring (1979) for single layered two-
Univ. of Birmingham dimensional horizontsi
P.0. Box 353 ground water fiow,
Birminghan, B15 21T
United Kingoom »

23] HM. Haitjema School of Public & SYLENS Modeling of steady-state | Ai,CO,RA,F 1791

0.0.L. Strack Environmental Atffairs (1985) groundwater fiow in re-
10th Strest gional double aquifer
indians University systems with local in=-
Bicomington, IN 47405 terconnections.
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‘Model Name

— : , Model Model TGWI
No. Author(sgw .] Contact Address (last update) Description - Qutput Key
£ . . : .
[N . P . . .
24.| C. Van Den National Institute for . FLOP=2 To gonontc pa?hnm C,v,P,T 1821
Akker . Water Supply (1978) for steady-state, fiow' ) :
P.0. Box" 150 - in & semi-confined, iso-
2260 Ad Leidschendam - tropic, homogeneous
The Netheriands aquifer without storage
ce and to caiculate resi=-
dence.times for a number
N of mater nrﬂclos.
25. ] P. Van der Veer) Rijksnnrsfnf MOTGRO | Prediction of ground- AlLCOF,Vv,P,T | 1830
B . -} Data Processing Dlvlsion (1981) water head and stream
P.0. Box 5809 . function tor two-dimen-
2280 HV Ri jswi jk (2.H.) ‘ sional, verticsl, steady
Tho Ncﬂm'lands . and unsfudy, singlo or
) sultiple fluid fiow in '
- inhomogensous, aniso-
tropic, confined or un~
confined aquifers of
o . srditrary shapes.
26. | S.K. Gupta " Battelle Pacific MW Labs CFEST A three-dimensional fi- Al ,CD,F,RAC, 2070
L.T. Kincaid P.0. Box 99% (19835) nite element mode! to v . }
P.R. Meyer Richland, WA 99332 simulate coupled transi-
C.A. Newbill . - ent flow, solute- and
C.R. Cole heat-transport in satur- |-
, ) -8ted porous media. . .
27.1 S.K. Gupta Batte!le Pacific WW Labs FE3DGH Transient or steady Al,CO,RAF,V 2072
C.R. Cole Water and Land Rcsourcos (1985) - state, three-dimensional ’ -
F.W. Bond Division simulation of fiow in a .
‘P.0. Box 999 - large muiti-layered '
' Richiand, WA 99352 groundwater basin. . .
28.| A.E. Reisenauer] Water and Land Rescurces NTT A trangient -odol to . AlLCO,V,P,T 2092
C.R. Cole Division (1979) calculate hydraulic head : .
Battelie Pacific NW Labs in confined-unconfined
P.0. Box 999 . aulti-lgyered aquifer
Richiand, wA 99352 systems, and to generate
stresaiines and fravcl-
7 . times. - - .
29. | R.W. Nelson Battelle Pacific MW Labs . PATHS To evaluate contamina- F,v,CP,T 2120
Sigms 5 Building (1983) . tion prodblems in tran~
P.0. Box 999 ’ sient, two-dimensional,
Richliand, WA 99352 nonxonfu groundwafcr
. . : flow sysfoas using an
snalytical solution for
| the fiow equation and a
- " numericsi solution for
5 ) the pathline squations.
30. ]| R.D. Schmidt U:S. Dept. of the 1SL-~50 A thres-disensional V,P,T 2560
. . interior (1979) ®0de! to describe tran- .
Bureau of Mines o sient flow behaviour of
~ P.0. Box 18660 leachants -and ground-
Twin Cities, MN 355111 water in an anisotropic,
. ; : - homogeneous aquitfer in-
volving an arditrary
pattern of injection and
recovery wells. ) )
31. ] L.R. Towniey " Raiph M. Parsons - MUIFEM=1 | A two-dimensionai, fi- Al ,CO,RAF 2630
. J.L. Wilson. Labora?ory for Water - (1979) nite-sioment nocel for - .
A.S. Costa Resources and transient, horizontal .
" Hydrodynamics groun’dn;nr flow,
Room 48-211 : ST
Massachusetts inst, of
Technology
.Cambridge, MA 02139
D-9
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Model

Mo.| Author(s) Contact Address (1ast update)| Description Output Key
60| D. Koeh = Koch & Associastes AQUIFER4 A radial finite differ~ Al,CD.F 6308
1660 S. Fillmore St. © - (1984) ence mode! to simulate
Denver, CO 80210 transient thres<dimen~-

siona! groundwater flow
. in a leaky-confined aqu- -
ifer. .
61, | INTERA Bsttells Project VERTPAK=-1 A piackage of anaiytical c,v,T 6340
Environmental Management Division (1982) solutions assembled toO
Consultants Perforasncs essist in verification
- Assessment  Dept. of numerical coudes used
Oftfice of Nuclear Waste 10 simulate fluid flow,
isolation rock deformation, and
505 King Avenuse solute transport in
Colusibus, OH 43201 . fractured and unfractur-
) ed porous medias.
82.] W.C. Walton 1GWNC 35 A series of snalytical A1,CD,C,V,T 6350
Holcomd Research MICRO=" and simple numerical
Institute COMPUTER programs to analyze flow
Butier University PROGRAMS and transport of solutes
4600 Sunset Avenue . (1984) and heat in confined, '
Indianapolis, IN 456208 leaky or water table
asquifers with simple
% geometry.
63.] K.S. Bsljin 16WC SOLUTE A package of 8 analyti- | C,T 6380
Holcomb Research (1985) cal models for solufe
Institute - transport simulation in
Butier University groundwater. The pack-
4600 Sunset Avenue age also includes pro-
indisnapolis, IN 46208 graas for unit conver-
sion’ and error function
catculation, .
64.] T. Stesnhuis Northeast Regional MOUSE A set of four linked c,T 6390
5. Pacenks Agriculturat (1987) models for tracking the
Engineering Service “‘movement and fute of a
Ri ley=Robb Hall soluble chemical in sat-
Cornel! University urated and unspturated
Ithaca, NY 14853 zones.
~ "
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